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ABSTRACT 
 
Olifants River watershed one of the largest river basins in South Africa, which is home for 
one of the most important natural parks in the world, Kruger National Park (KNP). The 
activities in this watershed generate 6% of the Gross Domestic Product. It requires a 
minimum amount of water termed as ecological reserve for sustaining the ecohydrology 
which is often jeopardized due to the water scarcity. The objective of this study is to assess 
the impact of climate change on the hydrologic regime in the Olifants River watershed. 
A hydrological model is developed using Soil and Water Assessment Tool (SWAT). The 
model was calibrated using multisite data (2003-2008) and validated (2009-2012) by 
comparing the simulated results with the observed streamflow data. The Nash Sutcliffe 
Efficiency (NSE), Kling Gupta Efficiency (KGE) and Percent Bias (PBIAS) for the Mamba 
(B7H015) flow station are found to be 0.60, 0.80, -2.21% and 0.56, 0.63, -0.47% for the 
calibration and validation period, respectively. The same are 0.52, 0.65 19.26% and 0.74, 
0.81, 8.82% for the calibration and validation periods for Blyde (B6H005) station.  
The calibrated model is forced with the bias corrected future climate data extracted from 
Coordinated Regional Climate Downscaling Experiment (CORDEX) for nine climate 
ensembles under moderate (rcp4.5) and high (rcp8.5) emission scenarios for mid-century 
(2041-2070) and end-century (2071-2100) periods. The results indicate that the annual 
average temperature is projected to increase by 1.7°C to 4.6°C by the end century compared 
to the base period (1985-2005). The mean annual precipitation is projected to decrease in 
the future by 12-29%. The minimum flow (0.5 m3/s) availability at B7H015 for the 
ecological reserve of KNP would decrease 2-12% in the future. 
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CHAPTER I 
INTRODUCTION 
 
1.1 Background 
Climate is typically defined as the average weather over a long period, generally 30 years 
according to the World Meteorological Organization (WMO). The climate of a region is 
generated by a complex and interactive atmospheric system by involving large number of 
physical, chemical and biological processes among the atmosphere, the hydrosphere, the 
cryosphere, the land surface and the biosphere (IPCC, 2007). The climate is dynamic, and it 
varies both temporally and spatially (Kwon et al., 2008). Over the last 4.5 billion years, the 
earth's climate gradually changed with the evolution of the earth (Kasting et al., 1988; Kasting, 
1993). However, the earth's climate is changing rapidly since the 19th century, which is apparent 
from the analysis of the observations of various parameters such as the global mean 
temperature rise, the global mean sea level rise, the increase in frequency of extreme weather 
events, declining of snow and ice cover, etc. (Levitus et al., 2012; Immerzeel et al., 2010; 
Barnett et al., 2005). The causes of this climate change are attributed to both natural and 
anthropogenic factors, but human induced perturbation of atmospheric composition is mainly 
responsible for the recent global warming (Crutzen, 2006; Lott et al., 2013; Stott et al., 2004; 
Tett et al., 1999). 
 
Some of the gases in the atmosphere provide a radiation blanket to keep the earth's surface 
warm, the phenomenon is commonly known as the greenhouse effect, and these gases are 
known as the greenhouse gases (GHGs) (Meinshausen et al., 2009; Satterthwaite, 2008; Lashof 
and Ahuja, 1990). GHGs occupy a small portion of the atmosphere but have profound effects 
on climate. The primary GHGs gases include water vapor, carbon dioxide (CO2), nitrous oxide 
(N2O), methane (CH4), chlorofluorocarbons (CFCs) and ozone (O3). All of them are strongly 
associated with anthropogenic activities except the water vapour. However, CO2 is at the center 
of interest because of its abundance and longevity (Rodhe, 1990). The atmospheric 
concentration of CO2 has been increasing at an alarming rate since the beginning of the 
industrialization epoch primarily due to burning of fossil fuel and deforestation (Canadell et 
al., 2007). CO2 is a heat trapping gas and has a strong correlation with temperature. Present 
concentration of CO2 is 411 ppm which is unprecedented over the last 420,000 years (NOAA, 
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2019). The continuous emission of greenhouse gas is the root cause of increasing 
temperature which is one of the dominant driving forces behind excessive snow melting 
and precipitation, extreme flooding, droughts, etc. (IPCC, 2007). 
 
The Intergovernmental Panel on Climate Change (IPCC) is a United Nations (UN) body that 
was established in 1988 to assess the climate change and its impact on human and nature. In 
its Fifth Assessment Report (AR5), IPCC predicts that the average global temperature could 
rise in between 1.1°C to 6.4°C by the end of the 21st century. In addition to temperature rise, 
the enhanced GHGs will also stimulate the interactive and complex climate system. For 
instance, the precipitation is directly influenced by warming, as heating increases the 
evapotranspiration, causing frequent and intense droughts (Dai, 2013). On the other hand, 
atmospheric water holding capacity increases 7% with 1°C increase of temperature which will 
cause heavy downpour events like storms and flooding (Trenberth, 2011). In addition to the 
water quantity, the quality will also be hampered by the changes in the mobility, dilution and 
chemical reaction kinetics of contaminants (Whitehead et al., 2009). The climate change has 
the potential to exacerbate the already stressed water resources and jeopardize the water 
resources planning and management strategies developed based on the historical hydrologic 
data as assumption of stationarity is obsolete under climate change scenario. Therefore, 
analysis of hydrologic regime under different climate change scenarios is imperative to develop 
long term water resources management strategies. 
 
1.2 Problem Definition 
Olifants River basin is one of the primary drainage regions of South Africa. Significant 
mining, agricultural, industrial activities and intensive irrigation schemes are concentrated 
in this watershed. The activities within the catchment produces six percent of the GDP of 
South Africa. Moreover, it is one of the major rivers flowing through Kruger National Park 
(KNP) which is one of the largest conservation areas in South Africa (Van et al., 2008). 
KNP attracts more than one million tourists per year and it’s also an attractive destination 
for the international tourists (Mathivha, et al., 2017). The present water resources of 
Olifants watershed are highly stressed, and the demands are increasing rapidly (Arranz,  et 
al,.  2007). The estimated shortfall is 243 Mm3  by 2025 according to Department of Water 
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Affairs and Forestry (DWAF) (McCartney, 2004). Droughts have been reported in every 
decade which impact the activities of the KNP at great extent. KNP requires certain amount 
of minimum water termed as ecological reserve to maintain the activities which largely 
depend on the water availability in the Olifants river (Pringle, 2001). However, the 
availability of this minimum water under changing climate is unclear and the investigation 
become more complex due to the highly temporal and spatial variability of rainfall in the 
Olifants River basin. This rainfall variability affects almost every aspect of human life 
ranging from flood control, water supply, agricultural productivity and to wildlife. 
Moreover, all these aspects are also likely to be affected by climate change (Gallego et al., 
2011). The projections indicate that climate change could result in loss of 66% animal 
species in the KNP (Fischlin et al., 2007). Furthermore, South African region is one of the 
most vulnerable regions in Africa due to low adaptive capacity and widespread poverty 
(Callaway, 2004). Because of the high spatial and temporal variability of rainfall in South 
Africa, water resources are at the epicenter of projected climate change matrix. However, 
to date there are only few studies that assessed the hydrological responses of climate 
change for South African and Olifants region. These studies are necessary for developing 
future water resources planning and management strategies (Nkhonjera, 2017). Most of the 
studies have been carried out at regional and country level scale using General Circulation 
Model (GCM). These coarse scale studies have drawbacks in terms of concealing the 
complex hydrological interaction at the local watershed scale (Schulze, 2000; Kusangaya 
et al., 2014). Studies also reveal that the impacts of climate change vary over different 
places, depending on the geographic location and weather of that region (Zhang et al., 
2007). As a result, hydrological modelling based study at the watershed scale using 
Regional Climate Model (RCM) would be very helpful in assessing the climate change 
impacts and developing adaptation measures.  
1.3 Objectives 
The overall objective of this study is to assess the impact of climate change for the Olifants 
River basin and investigate the availability of ecological flow for KNP. The specific 
objectives are to: 
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1) Develop hydrological simulation model for the Olifants River watershed and 
perform the water budget analysis. 
2) Analyse parameter sensitivity of the model. 
3) Assess the climate change impacts on the hydrological regime with emphasis on 
streamflows and analyse the minimum water availability to maintain ecological 
flow for KNP.  
1.4 Structure of the Thesis 
The thesis is divided into five chapters. This introductory chapter provides background 
information on the climate change and the Olifants River basin. The next chapter presents 
literature review on watershed hydrology, hydrologic modelling, climate models and bias 
correction. Chapter 3 renders the description of Olifants River basin. It further provides the 
detailed methodology adopted for hydrological modelling using Soil and Water 
Assessment Tool (SWAT). Chapter 4 presents the results and discussion on sensitivity 
analysis, calibration and validation of the model and climate change impact assessment. 
Chapter 5 concludes the thesis including summary of the results. 
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CHAPTER II 
LITERATURE REVIEW 
 
2.1 Overview 
This chapter presents a review of the literature on watershed hydrology, hydrologic models 
and climate models. It also includes the review of studies on the climate change impacts 
on water resources within the South Africa focusing the Olifants River basin to 
comprehend the present state of the knowledge.  
2.2 Hydrologic Cycle 
The hydrologic cycle describes the movement and interaction of water through its all 
phases i.e. atmosphere, land surface, open water, subsurface, etc. (Bedient et al., 2008). 
This cycle is continuous, has no beginning or ending. Precipitation, evapotranspiration, 
infiltration, overland flow and baseflow are the primary components of the hydrologic 
cycle. Understanding of the hydrologic cycle is essential to assess the changes in various 
hydrological processes under climate change conditions (Donnelly et al., 2017). 
Fig. 2-1 Hydrologic Cycle (Adapted after Brutsaert, 2005) 
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2.3 Water Budget 
Water budget quantifies various components of hydrologic cycle within a control volume 
per unit time based on the conservation of mass (Healy et al., 2007). It also states that the 
difference between water flowing into and out of a given area is balanced by a change in 
water storage (Sahoo et al., 2011). Water budget, in general, for an area can be written as: 
Water inputs – Water outputs = Change in storage                                        Eq. 2-1 
The water inputs include precipitation, surface and ground water inflow, anthropogenic 
inputs like wastewater or artificial recharge. Whereas the water outputs are 
evapotranspiration, surface and ground water outflow and water abstractions (Owen, 
1995).  
Simple yet universal water budget equation is applicable for all space and time scales, 
ranging from studies of rapid sand infiltration in a soil column to analysis of continental 
scale floods over periods of decades or millennia (Healy et al., 2007). However, the 
processes involved in the water budgets are difficult to quantify because of their complex 
natural and anthropogenic interactions. Water budget analysis is the prerequisite to model 
continuous streamflow data. Moreover, water budget also helps to gain insights into the 
surface and ground water interactions (Liang, 2003). Water budget analysis is the most 
useful tool to identify the changes as it can quantify the water availability under changing 
scenarios. Water budget analysis can be used for protecting sources of drinking water, 
residential and industrial developments, municipal water supplies, dam construction, 
irrigation, stormwater management and water conservation. (Conservation Ontario, 2001). 
In general, water budget is a valuable tool for developing long term planning of water 
supply, conserving water quality and quantity and protecting the environment. 
2.4 Hydrologic Models 
The term “model” illustrates the set of equations or algorithms that are used to simulate the 
characteristics of a physical system and refers to the available software tools that automate 
the solution of the equations representing the system (Shoemaker et al., 2005). Hydrologic 
models are the simplification of the real world system yet useful tool for the researchers 
and the decision makers to examine and predict the effect of watershed processes and 
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management practices on soil and water resources (Whipple, 1996; Moriasi et al., 2007; 
Sorooshian, 2008). Though, initially hydrologic modelling was developed to solve simple 
engineering problems like flood estimation or design of stormwater system, reservoir 
spillway, now with the advancement of computational resources it can be used to analyse 
much more complex phenomena like large scale flooding, effects of changes in landuse or 
climate (Arnold et al., 1998a). Moreover, much more knowledge can be gained about the 
watershed during data collection, model parameterization. In addition, output can be 
analyzed spatially and temporally at different scales. In a nutshell, the ability to quantify 
the impacts of watershed management strategies have made the hydrologic models a useful 
tool for water resources planning, development and management (Singh et al., 2002).  
2.5 Model Classification 
Hydrologic model can be classified in many ways depending on the characteristics, such 
as time step, spatial scale, events and processes to be modelled (Merritt et al., 2003). In 
general, depending on the physical processes the watershed model can be categorized in 
two different ways: empirical (black box) or physically based (mechanistic) (Al-Amin et 
al., 2013). Empirical models (black box) are developed from the input-output relationship 
or experiment without describing the features and physical processes of the hydrological 
system (Devia et al., 2015). They are generally the simplest model and have the least time 
and cost involvement. These models assume stationarity and valid only within the 
boundaries which restricts the model capability to simulate changing scenarios (Shoemaker 
et al., 2005; Devia et al., 2015).  
Physically based models constitute with the important governing laws associated with the 
hydrologic cycle and have a logical structure similar to the real world system being 
modelled (Rahman, 2008). They integrate various processes, inputs and generate outputs 
based on the laws of physics and chemistry (Al-Amin et al., 2013). Physically based models 
are more complex and accurate compared to empirical model as they produce quantitative 
outputs based on the understanding of the underlying functional mechanism of the 
processes. These models range from simple conceptual model to fully distributed 
physically based models. The former one depicts only major hydrological processes 
whereas the latter one models individual hydrological, biological, geological and chemical 
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process using well established theoretical equations. However, the lack of comprehensive 
input data or holistic information about the system preclude the feasibility of having a truly 
fully distributed physically based model. The mechanistic models can be bifurcated into 
lump and distributed models depending on the spatial distribution of the watershed process 
and parameters (Merritt et al., 2003). Lumped models disregard the spatial heterogeneity 
and consider the whole watershed as a single unit (Sorooshian, 2008). They use average 
values to represent various processes over the whole watershed to generate output at the 
outlet. Such models assume uniform conditions throughout the system and do not consider 
spatial distribution of the following: 1) the input variables, such as rainfall and temperature 
2) the parameter characterizing physical processes such as topography, and 3) the output 
processes such as streamflow (Mekonnen, 2016). 
In contrast, distributed models account the spatial variability of the processes and outputs 
in the watershed analysis (Merritt et al., 2003). Distributed models can be further divided 
into semi distributed or fully distributed based on the methodology of incorporating the 
spatial heterogeneity. Semi distributed hydrological models divide the watershed into sub-
watershed then perform lumped calculation at the sub-watershed level. Example of semi 
distributed models include TOPMODELS (Beven et al., 1979), Soil and Water Assessment 
Tool (SWAT)(Arnold et al., 1998b) and WATFLOOD (Kouwen, 1988). Conceptual 
definition of topographic units, identification of similar hydrological response unit (HRU) 
and grouping of similar HRUs calling Group Response Unit (GRU) are the basis of 
TOPMODELS, SWAT and WATFLOOD model, respectively. On the other hand, fully 
distributed models discretized the study area into grids or finite elements to depict spatial 
heterogeneity where governing equations are solved numerically. The SHE (Abbott et al., 
1986) is a fully distributed model where parameterization in the horizontal and vertical 
direction are achieved by orthogonal grid network and horizontal column square box at 
each grid cell accordingly. It uses 1-D model for river flow, 2-D model for overland flow 
and 3-D model for groundwater flow. Fully distributed models generally require more 
information and parametrization compared to lumped model, which incur concomitant 
increase of expense and effort, that often limit the realization of these models for large 
basin. However, semi-distributed models are capable of providing useful results 
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economically and efficiently for water management problems (Arnold et al., 1998b; 
Pomeroy et al., 2007). 
2.6 Model Selection 
Nowadays the growing number of available models are making the selection process harder 
than ever before. Every model has its own advantages and disadvantages. However, the 
following factors should be considered for selecting a model : a) goals, objectives or 
hypothesis of the project, b) potential use of the model results, c) characteristics of the 
watershed, d) other factors which include temporal and spatial scale, data requirements, 
calibration requirements, acceptance and uses of the model within different communities, 
ease of use, modeller expertise, available support and time (Engel et al., 2007). For the 
present study, the following factors are considered to select the model; the model should 
be: 
 able to assess the climate change impact and simulate watershed  
 able to incorporate water management operation as the study area is highly 
regulated 
 able to perform the continuous simulation  
 based on readily available data considering data scarcity of the region 
 able to accept elevation changes 
 computationally efficient for large area and long duration 
 freely available along with source code, well documented and user friendly 
Shoemaker et al. (2005) reviewed sixty five hydrological models which were used as the 
starting point for the model selection. Based on the anticipated modelling results, SWAT 
model is selected in the present research for modelling of Olifants River basin as it’s a user-
friendly software with an outstanding graphical user interface for pre and post processing. 
Moreover, it is capable to include reservoir and agricultural management practices like 
irrigation. In addition, SWAT is one of the most widely used hydrological software in the 
world because of its numerous advantages that include computational efficiency, 
modularity, ability to predict long term impact, multiple geographic information system 
(GIS) interface, ability to use readily available global dataset, online resources of 
supporting document, availability of reliable user and developer support, other supporting 
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software, inclusion of several processes like sediment, nutrient, pesticide and bacteria, open 
access of source code (Gassman et al., 2010).  
2.7 SWAT Application 
Numerous studies have been carried out using SWAT since its creation and it has emerged 
as one of the most widely used watershed simulation models to solve a wide range of 
problems. SWAT has gained international acceptance and globally over 600 peer-reviewed 
journal paper related to SWAT model evidence the fact (Gassman et al., 2010). The model 
has been used in many government projects across the United States (U.S.) and Europe to 
study direct assessment of climate change and anthropogenic influences on water 
resources. In U.S., SWAT is used for the Hydrologic Unit Model of the U.S. (HUMUS) 
with the goal to simulate hydrologic and pollutant loss impact of agricultural and municipal 
water use to buttress U.S. Department of Agriculture (USDA) in the analysis of U.S. 
Resources Conservation Act Assessment of 1997. The model also being used to support 
myriad of projects in U.S., couple of them are worth mentioning which include assessment 
and evaluation of watershed conservation practices under USDA Conservation Effects 
Assessment Project (Mausbach et al., 2004), Total Maximum Daily Load (TMDL) analysis 
for impaired water to determine pollutant source and potential solution under 1972 U.S. 
Clean Water Act. In Europe, use of SWAT model has been reported in many projects which 
include quantify the impact of climate change on five different watersheds under Climate 
Hydrochemistry and Economics of Surface-water System (CHESS) funded by European 
Commission Environment and Climate Research Programme (Arnold et al., 2005), assess 
the ability of SWAT to estimate non-point source pollution sponsored by European 
Commission Energy, Environment and Sustainable Development. In South Africa, only a 
limited number of studies has been conducted using SWAT model primarily due to lack of 
data. Govender (2005) studied the applicability of SWAT model in South Africa found 
strong simulation result for a small (0.68 km2) watershed. 
2.8 SWAT Applications in Climate Change Impact Studies 
SWAT model has been successfully applied by various researchers in assessing the climate 
impacts on hydrologic regime. Muttiah and Wurbs (2002) studied the impact of climate 
change in the 73,000 km2 San Jacinto River Basin of Texas using SWAT model. They 
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compared the historical streamflow with the future (2040 -2059) streamflow, generated by 
SWAT model based on the extracted GCM climatic data. They found higher mean flow in 
the future due to significant increases in the floods and high flows, but reduction in the 
normal and low flows. 
Gosain et al. (2006) simulated the impact of climate change on the streamflow for 2041-
2060 period in 12 major river basins in India ranging in size from 16,680 km2 to 871,800 
km2. Overall decrease in surface runoff but more frequent flood and drought is predicted 
under the climate change scenario compared to control period of 1981-2000. 
Rosenberg et al. (2003) simulated the effect of downscaled Hadley Centre General 
Circulation Model (HadCM2 GCM) climate projections on water yield in the 18 major 
water resources regions of U.S. for the period 2035 to 2095. The results indicate significant 
change in the water yield and a shift in the seasonality i.e. early snowmelt in the western 
basin. The study also provided insights into future water management as the extreme 
precipitation event and water yield are projected to increase in most of the region. However, 
Water yield is projected to decrease in the western Great Plains of Kansas, Colorado and 
Nebraska which could severely affect the agriculture and nearby population. Stone et al. 
(2001) also found significant seasonal change in water yield in Missouri river basin by 
inputting downscaled climate projections into SWAT which were generated by nesting 
Regional Climate Model (RCM) into GCM. These studies depicted that SWAT can be used 
to project the impact of climate change on hydrological regime and evaluation watershed 
management decisions in a river basin (Rahman et al., 2012). 
2.9 General Circulation Model (GCM) 
General Circulation Models (GCMs) are climate models that numerically solve multiple 
governing equations related to atmospheric processes and generate climatic parameters 
under different greenhouse gas emission scenarios. GCMs are the major source of 
information about the future climate. GCMs started developing since 1960, however, most 
models were not able to incorporate the major components, such as atmosphere, land 
surface, ocean, biosphere, etc., until 1990 due to lack of advance computer technology 
(IPCC, 2001). These models solve the fundamental conservation laws of mass, momentum 
and energy which are discretized by finite element or finite difference method. Climate 
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models require equation of state and moisture for atmosphere and ocean. The state equation 
for the atmosphere relates pressure, density, temperature while for the ocean it relates 
pressure, temperature, density and salinity (Warren et al., 2005). Over the past few decades 
climate models adequately reproduced the observed features of recent climate and emerged 
as a promising tool for estimating future climate change (IPCC, 2007). Despite growing 
confidence in climate models, uncertainties and coarse resolution (approximately 200 km 
X 200 km grid) restrict the direct use of GCMs output for local application (Grotch and 
MacCracken, 1991). Therefore, GCM outputs need to be downscaled for climate change 
impact assessment at watershed scale. 
2.10 Downscaling of GCM 
Downscaling can be defined as a technique to improve the GCMs resolution to generate 
local scale weather. There are two fundamental methods of downscaling a) statistical 
downscaling, and b) dynamic downscaling (Fowler et al., 2007). Statistical downscaling is 
based on the relation between local meteorological variable and climate variables generated 
by the GCM. It depends on the long term weather record rather than the physical features 
of a region such as topography (Wilby et al., 1997). On the other hand in dynamic 
downscaling Limited Area Model or Regional Climate Model (RCM) is used to extract 
local-scale weather data from large-scale GCM data by setting coarse scale GCM data as 
the boundary conditions (Wilby et al., 1997). This process improves parameterization of 
physical processes and increase the temporal and spatial resolution. Moreover, regional 
characteristics like extreme events, orographic precipitation, etc., can be adequately 
simulated by this technique (Fowler et al., 2007). However, the studies found that bias 
correction of the RCM downscaled data are required before using it as an input for 
hydrological and climate change impact study (Wood et al., 2004). 
2.11 Bias Correction 
Bias is the systematic errors which can be defined as the differences between the observed 
and simulated weather variables from the climate models (GCMs/RCMs). Coarse spatial 
resolution, simplified physics and thermodynamic processes, lack of comprehensive 
knowledge of climate system processes are the driving factors behind bias (Navarro-
Racines et al., 2015). Bias correction is very important before using climate model data to 
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generate realistic results (Piani et al., 2010). A transfer function is applied to perform the 
bias correction of the climate model data and generally assumption of the stationarity is the 
basis of bias correction which means that whatever is the bias in the past will remain in the 
future (Teutschbein et al., 2012). There are different methods for bias correction which 
ranges from simple method such as linear scaling to complex method like quantile 
mapping. 
2.11.1 Linear Scaling 
Linear scaling method applies the correction based on the mean values and matches mean 
of the corrected value with that of the observed value and retains the variations pattern 
(Fang et al., 2015). For precipitation the bias is calculated by the ratio of the average 
monthly observed over average monthly simulated historical data. However, in case of the 
temperature bias is calculated by deduction of average monthly simulated historical data 
from average monthly observed data. Finally, the monthly bias is applied to the future data. 
In case of precipitation the future data is multiplied with the bias whereas for temperature 
the bias is added to the future data to get bias corrected data (Lenderink et al., 2007). The 
linear scaling can be formulated as: 
𝑃௕௜௔௦ =  
௉(ೌೡ೒)೚್ೞ
௉(ೌೡ೒)೓೔
                                                                                  Eq. 2-2 
𝑃௕௜௔௦(௖௢௥௥௘௖௧௘ௗ) = 𝑃௕௜௔௦ ∗  𝑃௠௢ௗ                                                           Eq. 2-3 
Where 𝑃௕௜௔௦ is the precipitation bias for a month,  𝑃(௔௩௚)௢௕௦ is the monthly average value 
of the month in consideration of the observed data period, 𝑃(௔௩௚)௛௜௦ is the monthly average 
value of the month in consideration of the historical data period, 𝑃௕௜௔௦(௖௢௥௥௘௖௧௘ௗ) is the 
precipitation bias and 𝑃௠௢ௗ is the future precipitation data from climate model. 
𝑇௕௜௔௦ = 𝑇(௔௩௚)௢௕௦ − 𝑇(௔௩௚)௛௜௦                                                              Eq. 2-4 
𝑇௕௜௔௦(௖௢௥௥௘௖௧௘ௗ) = 𝑇௕௜௔௦ + 𝑇௠௢ௗ                                                           Eq. 2-5 
Where 𝑇௕௜௔௦ is the temperature bias for a month, 𝑇(௔௩௚)௢௕௦ is the monthly average value of 
temperature of the month in consideration of the observed data period, 𝑇(௔௩௚)௛௜௦ is the 
monthly average value of temperature of  the month in consideration of the historical data 
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period, 𝑇௕௜௔௦(௖௢௥௥௘௖௧௘ௗ) is the temperature bias and 𝑇௠௢ௗ is the future temperature data from 
climate model. 
2.11.2 Quantile Mapping  
The quantile mapping corrects mean, quantiles, standard deviation as well as wet day 
frequency. This method is applicable for all potential distribution of precipitation and 
widely used for the correction of RCMs precipitation data (Wilcke et al., 2013). The 
adjustment for precipitation using quantile mapping can be formulated using empirical 
Cumulative Distribution Function (eCDF) (Fang et al., 2015). 
𝑃௕௜௔௦(௖௢௥௥௘௖௧௘ௗ),௠,ௗ
௜ = 𝑒𝐶𝐷𝐹௢௕௦,௠ିଵ ( 𝑒𝐶𝐷𝐹௥௔௪,௠௜ ൫𝑃௥௔௪,௠,ௗ௜ ൯)                Eq. 2-6 
Where 𝑃𝑏𝑖𝑎𝑠(𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑),𝑚,𝑑𝑖  is the bias corrected precipitation on dth day of ith month, 𝑃𝑟𝑎𝑤,𝑚,𝑑𝑖  is raw 
climate model precipitation on dth day of ith month and 𝑒𝐶𝐷𝐹𝑜𝑏𝑠,𝑚−1  , 𝑒𝐶𝐷𝐹𝑟𝑎𝑤,𝑚𝑖  are computed from 
respective data for the observation (obs) and raw model (raw) periods.  
2.12 Climate change impact on water resources in South Africa and the Olifants basin 
Climate change is a major challenge in South Africa and the concern is growing as the 
temperature is rising at a higher rate than the global average for the last five decades along 
with the increased frequent extreme rainfall events (Ziervogel et al., 2014). Fifth 
Assessment Report (AR5) of IPCC buttress the apprehension by projecting 3-6 °C 
temperature increase in South Africa for rcp 8.5 by the 2081-2100 period from 1986-2005 
period. Overall, South Africa has unreliable episodic rainfalls which result in frequent 
extreme events like droughts and floods (Singh et al., 2014). Climate change has the 
potential to further exacerbate the problems by changing the water balance i.e. reduction 
of water availability and increased number of extreme events (Schulze et al., 2001). 
Moreover, agriculture, biodiversity, hydropower supply and water borne diseases are 
intrinsically related to the hydrology (Bates et al., 2008). The impacts of climate change 
could be devastating because of the low adaptive capacity of this region (Callaway, 2004; 
Kusangaya et al., 2014). Given the circumstances, climate change poses significant threat 
to the water resources and necessitates further investigation of the hydrologic cycle and 
hydrological regime (Ziervogel et al., 2014). 
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Temperature has profound effect on the hydrologic cycle. An increase in temperature can 
increase evaporation and change the precipitation pattern which leads to overall 
intensification of the process. Kusangaya et al. (2014) found a warming trend of 
temperature in both observed and remote sensing derived record in South Africa which 
concurred with other studies (Hughes et al., 1996; Kruger et al., 2004). According to 
Dennis et al. (2012) who predicted that the climatic changes in South African temperature 
include a general warming throughout the country. In the Olifants River basin, Singh et al., 
(2014) found an increasing and coherent pattern in temperature. In this study, the mean 
annual temperature increase was found 2.4°C and 4.6 °C, respectively for the 2046-2065 
and 2081-2100 period for the high emission scenario (A2 scenario) and for the moderate 
emission scenario (B1 scenario) the respective increases were 1.9 °C and 2.5 °C from the 
1961-2005 period. The temperature increase projected by Singh et al., (2014) agrees with 
the trend reported in the Fourth Assessment Report (AR4) of IPCC (IPCC, 2007). Cullis et 
al. (2011) used synthetically generated climate data in this basin and predicted an increase 
in temperature of around 1.0°C and 2.2 °C by 2025 and 2050. In summary, all the studies 
concur that the temperature has increased and will keep increasing in the future (Nkhonjera, 
2017). 
Precipitation is the key driver of the hydrological cycle and any change in the intensity, 
duration and frequency will impact the water resources directly (Yilmaz et al., 2011). 
Paucity and discrepancy in the observational data preclude the determination of the annual 
precipitation trend in many parts of the African continent  (Nikulin et al., 2012; Niang et 
al., 2014). Precipitation projection possesses higher uncertainty, spatial and seasonal 
dependency than the temperature projection (Orlowsky et al., 2012; Rowell, 2012). The 
limited number of studies done on the impacts of climate change on water resources in 
South Africa did not concur on the precipitation trend and magnitude (Nkhonjera, 2017). 
For instance, IPCC (2007) predicted precipitation decrease in the South African region 
while Tadross et al. (2011) projected an increase. In the Olifants River basin, Singh et al., 
(2014) found significant uncertainties in the projected precipitation as the GCM models 
project both increase and decrease in the future precipitation. Cullis et al. (2011) predict a 
progressive increase in the precipitation of around 5% and 10% by 2025 and 2050 
respectively for the Olifants basin.  
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Runoff is the portion of precipitation that flows over the land (Nkhonjera, 2017). The 
climate change impact on runoff in a catchment depends on the sensitivity of the catchment 
to the climatic variables like precipitation, temperature, evaporation, etc. (IPCC, 2014). 
Catchment sensitivity is mainly a function of the runoff coefficient. In general, runoff holds 
an intrinsic relation with precipitation and climate change would equally affect the runoff 
just like the precipitation. IPCC (2007) projected 10-30% reduction of river runoff and 
water availability in the tropical Africa because of climate change. Limpopo basin is an 
expansion of Olifants catchment where 35-45% runoff decrease is projected in the future 
due to climate change (Arnell, 1999; Zhu et al., 2010). 
A climate change study in the Olifants river basin has been carried out by Cullis et al. 
(2011) using synthetically generated climate data. Due to the high variability of the 
downscaled rainfall projections, Cullis et al. (2011) created synthetic time series of 
temperature and precipitation for dry, intermediate and wet condition for future period 
using historical climatic data. The synthetic data then forced with the Pitman rainfall-runoff 
model to determine the surface runoff impact. The results indicate high sensitivity of 
surface runoff with the potential climate change with wetter winter and drier summer.  
Another, climate change study in the Olifants river basin has been carried out by  Singh et 
al. (2014) using statistically downscaled climate data from GCM. The future runoff was 
computed by driving the downscaled GCM data into the lumped Probability Distribution 
Model (PDM) developed by Moore (2007). Overall decrease in the Mean Annual Runoff 
(MAR) is found for both 2046-2065 and 2081-2100 period compared to 1961-2000. 
Moreover, higher MAR reduction is projected during the 2081-2100 period. 
2.13 Research gap and potential: climate change and water resources in Olifants basin 
Until now, a limited number of studies on the impacts of climate change on hydrological 
regime have been carried out in the Olifants river basin. Moreover, these studies used 
synthetic and statistically downscaled GCM climate data which suffers from stationarity, 
coarse scale resolution, respectively. In addition, the future climatic data is forced with the 
empirical/lumped models which have limitation in adopting the physical features. These 
limitations necessitate further research on the climate change impacts (a) using 
dynamically downscaled RCM projections; which is better than the synthetic and statistical 
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downscaling of GCM data as it incorporates the physical attributes at finer scale, (b) forcing 
the RCM data with physically based semi distributed SWAT model to simulate the runoff.   
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CHAPTER III 
METHODOLOGY 
 
3.1 Overview 
The overall methodology broadly falls into data collection, model development and output 
analysis (Fig. 3-1). Both static and dynamic data are required for this study. The static data 
include the topographic, landuse and soil whereas the dynamic data include precipitation, 
temperature and streamflow. The hydrological model SWAT is adopted for this study that 
requires GIS layers of the static data and numeric values of the dynamic climatic data at 
daily time step to simulate the streamflow. The simulated streamflow is checked against 
the observed streamflow to evaluate the model performance. To achieve a satisfactory 
model performance exhaustive sensitivity analysis, calibration and validation have been 
carried out in SWAT-CUP. After that, the calibrated model is forced with the dynamically 
downscaled climatic data to assess the climate change impacts. To this end, the 
hydrological components i.e. precipitation, temperature, evapotranspiration, flow, etc., are 
compared between the historical period (1985-2005) and two future time horizons namely 
mid-century (2041-2070) and end century (2071-2100). 
 
 
 
Fig. 3-1 Methodology flowchart 
• Simulate 
streamflow and 
other 
hydrological 
components for 
base and future 
period 
• Assess climate 
change impacts 
 
 Topographic data 
 Soil data  
 Landuse data 
 Climatic data 
 Flow data 
 
 Model setup 
 Input data 
 Simulation 
 Sensitivity analysis 
 Calibration and 
validation 
SWAT 
Data Collection Model Development Output Analysis 
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3.2 Watershed Description  
The Olifants River basin (Fig.3-2) covers approximately 73,700 km2 of northeastern region 
of the South Africa including portion of the Gauteng, Mpumalanga and Limpopo province. 
The Olifants River originates from Trichardt city in the province of Gauteng then flows 
through the province of Mpumalanga and Limpopo and finally flows through the Kruger 
National Park (KNP) before draining into Indian Ocean. The major tributaries of Olifants 
River are Klein Olifant, Blyde and Steelport rivers on the right bank and Wilge, Elands, 
Moses and Ga-Selati rivers on the left bank. The basin stretches between latitudes 22.600 
S-26.500 S and longitudes 28.300 E-31.900 E and the river reach is 770 km long 
(McCartney, 2004). 
 
Fig. 3-2 Olifants River watershed location map. 
 
This watershed is the home of 3.2 million people and contributes approximately six percent 
to the Gross Domestic Product (GDP) and diversified economic activities ranging from 
mining, which include coal, copper, platinum, iron, industrial and agricultural activities 
including power plant, intensive irrigation scheme are concentrated here. Besides the river 
flows through the KNP which attracts more than a million tourists each year. Most of the 
mining and industrial facilities are located in the upper reaches near the towns of Witbank 
and Middleburg in Mpumalanga.  
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The climatic conditions differ significantly within the catchment, primarily driven by the 
variation of the elevation of the catchment. The area is divided into highveld (upper side 
on the west) and lowveld (lower side on the east) separated by the escarpment which 
oriented approximately north- south. The altitude of the highveld ranges from 1,200 m to 
2,400 m while that of the lowveld is less than 800 m. The temperature varies between 180-
340 C in summer (October to April) and 50-260 C in winter (May to September). Maximum 
temperatures are experienced in January whereas the minimum occurs in July. The mean 
annual temperature is 160 C for the whole watershed, however that is 140 C for the highveld 
and 220 C for the lowveld. The distribution of mean annual temperature and mean annual 
precipitation (MAP) hold a strong relation with the elevation, with precipitation being 
higher at higher elevation and temperature decreasing (Schulze et al., 2007).  
The movement of air masses within the inter tropical coverage zone (ITCZ) exerts great 
influence on the climate of the basin. During the summer, high land temperature creates 
low pressure which brings an inflow of moisture with maritime air masses from the Indian 
Ocean. In contrast, in the winter, low land temperature produces continental high pressure, 
which results in regional dry season. As a result, the rainfall is seasonal and largely occurs 
during the summer period. The mean annual precipitation for the entire catchment is 
recorded as 630 mm with peak rainfall occurring in January and February (Arranz et al., 
2007). However, the rainfall pattern is irregular, the coefficient of variation is greater than 
0.25 across most of the catchment (McCartney, 2004). The highest MAP occurs along the 
escarpment because of the orographic effect, ranges from 800 mm to 1,500 mm. In the 
highveld area, MAP ranges between 500 mm to 800 mm while in the lowveld it lies 
between 500 mm to 600 mm. Evaporation varies across the catchment; the highest is 
reported in the north and west. The mean annual evapotranspiration (MAE) has been 
reported to lie between 1,450 mm to 1,700 mm for the entire watershed (McCartney, 2004; 
Lange et al., 2005). Runoff reflects the spatial and temporal distribution of the rainfall. The 
mean annual runoff is 37.5 mm which is approximately six percent of the mean annual 
precipitation. The flow has significant inter-annual variation and severe drought observed 
in most decades (McCartney, 2004). 
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The catchment geology mainly consists of igneous and metamorphosed rocks. Granite is 
the most abundant rock though frequent dolomite intrusions in the form of dykes and sills 
are found. For instance, a large dolomitic intrusion known as the escarpment divides the 
watershed into highveld and lowveld (Roy, 2005). The watershed is characterized by five 
major types of soils, i.e. cambic arenosols, chromic luvisols, chromic vertisols, orthic 
acrisols and rhodic ferralsols (Gyamfi et al., 2016).  
The primary landuse practices in the Olifants catchment include gazing, agricultural, 
mining, industry, forestry, rural and urban settlements. The land in the upper Olifants is 
highly urbanized whereas the middle and lower parts are relatively undeveloped. The upper 
Olifants is rich in minerals and extensive mining occurs in this area. The stretches between 
the upper and middle Olifants are highly fertile which starkly contrasts with the low 
percentage arable land of South Africa (Annandale et al., 2001). As a result, this 
transitional area is primarily used for agriculture and extensive irrigation, particularly 
around the Loskop dam. In contrast, the lower Olifants is typically rural and ecotourism is 
the main industry.  
The grass land and range brush cover two-thirds of the study area. The grass land is found 
at the higher altitude with the characteristics of high summer rainfall and low temperature. 
The agricultural area covers approximately 11,000 km2 (15%) of the study area which 
includes commercial and rainfed/subsistence farming. The commercial farming primarily 
consists of large farm and uses substantial portion of the water through intense irrigation. 
Commercial forestry occurs in the high rainfall area especially near the escarpment (Arranz 
et al., 2007). 
3.3 Soil and Water Assessment Tool (SWAT) 
SWAT is a continuous watershed simulation model which operates at a daily or sub daily 
time step to simulate the hydrological balance and watershed management practices 
(Gassman et al., 2007). It is a physically based model developed by Agricultural Research 
Service (ARS) of United States Department of Agriculture (USDA). The model has 
undergone continuous improvement and modification since creation. The model is capable 
of predicting the long term impact of land management practices on water, sediment and 
agricultural chemical yields with changing soil, land use and management conditions 
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(Arnold et al., 1998a). SWAT is a computationally efficient model that simulate overland 
flow, lateral flow, base flow, irrigation, water management practices, climate change and 
other features (Neitsch et al., 2011).  
SWAT models several different physical processes inside the watershed. Instead of 
dividing the watershed into orthogonal grid, SWAT divides the watershed into sub-basins 
based on the Digital Elevation Model (DEM) in a fashion that overland flow of all ground 
area inside a sub-basin contribute to the stream segment located inside the sub-basin. The 
sub-basins are further divided into Hydrologic Response Unit (HRU) which are unique 
overlay combinations of similar landuse, soil and slope. After discretization and HRU 
definition, SWAT simulates the hydrologic cycle into two major phases: a) land phase, and 
b) water or routing phase. The model performs all the computations at the HRU level then 
aggregated at the sub-basin and basin outlet. The land phase controls the amount of water, 
nutrient, pesticide and sediment loadings to the main channel inside a subbasin. The water 
or routing phase controls the movement of water, nutrients, etc., through the stream 
network to the outlet. The following water balance equation is applied at the HRU level of 
the land phase to simulate the flow and water quality variables: 
 𝑆𝑊௧ = 𝑆𝑊଴ + ∑ (𝑅ௗ௔௬ − 𝑄௦௨௥௙ − 𝐸௔ − 𝑤௦௘௘௣ − 𝑄௚௪)௡௜ୀ௜                             Eq. 3-1 
Where 𝑆𝑊௧ and 𝑆𝑊଴ are the final and initial water content (mm), respectively, 𝑅ௗ௔௬ is 
amount of precipitation on day i (mm), 𝑄௦௨௥௙ is amount of surface runoff on day i (mm), 
𝐸௔ is amount of evapotranspiration on day i (mm), 𝑤௦௘௘௣ is amount of water entering in the 
unsaturated zone from soil profile on day i (mm), 𝑄௚௪ is amount of groundwater flow 
return to the stream (baseflow) on day i (mm). The surface runoff is computed using either 
the Green Ampt method (Green and Ampt, 1911) or modified curve number (CN) method 
(USDA Soil Conservation Service, 1972). Potential evapotranspiration is estimated using 
one of the three methods: a) Penman-Monteith (Penman and Monteith, 1965); b) Pristley-
Taylor (Priestley and Taylor, 1972); and Hargreaves (Hargreaves et al., 1985). In this 
study, the surface runoff and potential evapotranspiration is estimated based on modified 
CN and Penman-Monteith method, respectively. Actual evaporation is calculated using an 
approach similar to Ritchie (1972). The rate of percolation depends on the hydraulic 
conductivity and available water holding capacity of soil. The lateral flow in the soil is 
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governed by the conductivity, slope, soil water content and estimated by a kinematic 
storage model based on water mass balance and continuity equation developed by Sloan et 
al. (1983). The shallow aquifer, connected to the stream, is either recharged through 
percolation or delivered water to the stream as baseflow depending on the storage. 
SWAT has the capability to simulate climate change and water management scenarios. The 
climatic input i.e., precipitation, temperature can be manipulated by changing the 
adjustment factors to simulate the climate change. However, dynamically downscaled bias 
corrected climatic data are used in this study for determining the impact of climate change.  
3.4 SWAT User Interface 
ArcGIS-SWAT is the graphical user interface of SWAT which is developed by integrating 
ArcView GIS and SWAT with a view to provide a user-friendly modelling environment to 
facilitate the preprocessing, interfacing and post processing of the SWAT model. The 
interface helps the user to keep the processes in sequential order, starting from delineation 
of the streams and ending with analysis or calibration of the model. The ArcGIS-SWAT 
interface comprises of dynamic and static geodatabase. The dynamic geodatabase contains 
information related to the study area while the static geodatabase keeps the look up tables 
and files for default parameter values. The interface is organized into multiple components: 
1) delineation of watershed, 2) HRU definition, 3) weather generation, 4) input 
parameterization and editing, 5) model run, 6) read and map results, and 7) calibration tool 
(Olivera et al., 2006). ArcSWAT 2016 with guided user interface ArcMap 10.3.1 is used 
for this study. 
3.5 Data Description 
SWAT model requires data on various climate parameters, such as daily precipitation and 
temperature, topographic data like DEM, soil characteristics, landuse and so on for 
hydrological simulation. The necessary precipitation and temperature data for developing 
the model are obtained from the Climate Hazards Group InfraRed Precipitation with 
Station data (CHIRPS) and MODIS (Moderate Resolution Imaging Spectroradiometer). 
The required geographical information system (GIS) layers like digital elevation map 
(DEM), land use and soil data are obtained from International Centre for Tropical 
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Agriculture (CIAT) (http://srtm.csi.cgiar.org.), Department of Environmental Affairs, 
South Africa (https://egis.environment.gov.za/data_egis/data_download/current), Food 
and Agriculture Organization (FAO) (http://www.fao.org/land-water/land/land-
governance/land-resources-planning-toolbox/category/details/en/c/1026564) respectively. 
The observed streamflow data for calibration and validation are obtained from Department 
of Water and Sanitation, South Africa. 
3.5.1 Digital Elevation Model (DEM) 
Digital Elevation Model (DEM) is the digital representation of land surface elevation with 
respect to a specific datum which is generally mean sea level. A GIS layer of DEM, an 
array of square cells associated with elevation value, is used in SWAT to delineate the 
watershed and stream based on the elevation. For Olifants River watershed modelling, 90 
m resolution Shuttle Radar Topography Mission (SRTM) DEM (Fig. 3-3) is obtained from 
CIAT. The DEM has the projection Cape UTM under zone 34S. It is evident from the DEM 
that the elevation of the watershed ranges from 0-2400 m and the overall slope of the 
watershed is towards the northeast direction. In general, the watershed is divided into 
highveld and lowveld landscapes separated by escarpment, which is apparent in the DEM.  
 
 
 
 
 
 
 
 
 
 
Fig. 3-3 Olifants River basin topography. 
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3.5.2 Soil Data 
Generally, the soils data use by SWAT can be categorized in two groups like physical 
properties and chemical properties. Physical properties of soil play a vital role in the 
hydrological process of a watershed as it controls the movement of air and water through 
the soil profile, whereas, chemical properties describe the nutrients in the soil. The input 
data for chemical properties of soil is optional while the physical properties are required. 
The global FAO soil data at 1:5,000,000 scale was adopted for the watershed 
(http://www.fao.org/land-water/land/land-governance/land-resources-planning-
toolbox/category/details/en/c/1026564/). The soil map (Fig. 3-4) and classification (Table 
3-1) show that the substantial portion of the soil is sandy loam which occupies 64.9% of 
the area whereas the sandy clay loam and clay occupies 17.2 % and 17.9% of the watershed, 
respectively. It’s apparent from the soil map that the major portion of the lowveld area 
consists sandy loam, while clay and sandy clay loam covers the major portion in the high 
veld.  
 
 
 
 
 
 
 
 
 
 Fig. 3-4 Soil classification within the study area. 
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Table 3-1: Soil classification used in Olifants watershed modelling 
Name Type Area(km2) Percent 
Lc65-1-2a-725 Sandy Loam 23697 34.35 
Qc42-1a-887 Sandy Loam 9812 14.22 
Lc64-2b-722 Sandy Clay Loam 7429 10.77 
Vc23-3a-262 Clay 6836 9.91 
Qc42-1a-886 Sandy Loam 6524 9.46 
Vc1-3a-954 Clay 3405 4.94 
Ao69-1a-434 Sandy Loam 2855 4.14 
Lc3-2ab-702 Sandy Clay Loam 2653 3.85 
Bc7-2bc-451 Sandy Clay Loam 2407 3.49 
Fr20-3bc-575 Clay 1965 2.85 
Lc66-1a-728 Sandy loam 1184 1.72 
We18-1-2a-976 Sandy Loam 164 0.24 
WATER-1972 Water 48 0.07 
 
3.5.3 Landuse Data 
Landuse plays a vital role in hydrologic modelling as the distribution of water largely 
depends on it. Moreover, it has an intrinsic relation with the evapotranspiration, infiltration, 
surface and subsurface flow. The 2013-14 South African national land cover data set 
derived from the Landsat 8 imagery having 30 m x 30 m resolution was adopted for the 
simulation. The landuse data was obtained from Department of Water and Sanitation, 
South Africa (https://egis.environment.gov.za/data_egis/data_download/current). It is 
apparent from the landuse classification (Fig. 3-5) that the range land and agricultural land 
are the dominant types of landuse in this study area. The range land and agricultural land 
cover 72.5 and 15.6 percent of the study area, respectively (Table 3-2). Agricultural 
activities occupy only 15.6 percent of the total area, however, it consumes substantial 
amount of water because of the intensive irrigation and commercial farming. 
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Fig. 3-5 Landuse classes within the study area. 
 
Table 3-2: Landuse Classification adopted in Olifants watershed modelling 
Landuse Code Area (ha) Percentage (%) 
Range-Brush RNGB 3502494 50.8 
Range-Grasses RNGE 1498677 21.7 
Agricultural Land-Generic AGRL 863258 12.5 
Residential-Med/Low Density URML 316917 4.6 
Agricultural Land-Close-grown AGRC 211531 3.1 
Forest-Evergreen FRSE 145837 2.1 
Southwestern US (Arid) Range SWRN 130272 1.9 
Wetlands-Non-Forested WETN 88659 1.3 
Orchard ORCD 72720 1.1 
Barren BARR 43405 0.6 
Water WATR 24095 0.4 
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3.5.4 Climate Data  
Climate data like daily precipitation, maximum and minimum temperature, wind speed, 
relative humidity and solar radiation are required for the simulation. Moreover, the 
geographical location and elevation of the climate stations are needed. There are only 13 
observed precipitation stations [Fig. 3-6 (a)] and only eight stations having observed 
temperature data [Fig. 3-7 (a)] available within the study area. These limited number of 
climate stations are not adequate for hydrological modelling for an area of 73,700 km2 
characterized with high spatial and temporal rainfall and temperature variability. 
Precipitation is the major driver of the hydrological processes and good quality 
precipitation data is required for better simulation in SWAT model (Masih et al., 2011).  
Satellite based observation of climatic variables, such as precipitation and temperature are 
available which can be used in conjunction with observed data for hydrological modelling 
(Hughes, 2006). Data from Climate Hazards Group InfraRed Precipitation with Station 
data (CHIRPS) has been used in different parts of the world i.e., Asia, Europe, North 
America, North Africa and the results suggested that it can be used in the Olifants River 
basin for hydrological modelling ( Funk et al., 2015; Tuo et al., 2016; Paredes-Trejo et al., 
2017; Caparoci et al., 2018). Moderate Resolution Imaging Spectroradiometer (MODIS) 
has gridded daily temperature data which has been used in different studies across the 
world (Vancutsem et al., 2010). MODIS temperature data blended with observed data has 
been used in this study. Due to the scarcity of observed data, satellite based precipitation 
and temperature data were obtained from CHIRPS and MODIS for developing the model. 
To this end, approximately 30 km x 30 km grid is adopted that resulted in 96 climatic 
stations [Fig. 3-6 (b) and Fig. 3-7 (b)] to extract the precipitation and temperature data at 
daily time step from the CHIRPS and MODIS, respectively. CHIRPS dataset 
(ftp://ftp.chg.ucsb.edu/pub/org/chg/products/CHIRPS-2.0/global_daily/netcdf/p05/) 
hosting the global precipitation has a resolution of 0.05 degree approximately equivalent 
to 5.5 km x 5.5 km grid whereas the MODIS land surface temperature dataset has a 
resolution of 1 km (Wan et al., 2015). MODIS dataset has been obtained using the 
Application for Extracting and Exploring Analysis Ready Samples (appEEARS) program. 
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For extracting and compiling the daily precipitation data from the CHIRPS global dataset 
a script was developed in R.  
The annual and monthly mean of the satellite precipitation (CHIRPS) are compared with 
the observed precipitation obtained from Department of Water and Sanitation, South 
Africa. For this, CHIRPS precipitation is extracted at the same locations of the observed 
precipitation stations. The annual precipitation comparison is carried out from 1990 to 2017 
period and the monthly comparison is performed based on the average of respective 
monthly data for the same period for all the thirteen observed station. A portion of the 
annual and monthly comparison is presented in the Fig. 3-8 and Fig 3-9, respectively. The 
observed and CHIRPS precipitation shows similar distribution pattern at annual and 
monthly time step but varies in quantity. In general CHIRPS underestimated the 
precipitation by ten percent in the Olifants River basin compared to the observed. 
The similar comparison has been carried out between the satellite temperature (MODIS) 
and the observed temperature data acquired from South African Weather Service. Both 
minimum and maximum daily MODIS temperature follows the similar monthly 
distribution pattern of respective observed with varied quantity (Fig. 3-10 and Fig. 3-11). 
Moreover, daily maximum temperature exhibits more variation compared to daily 
minimum temperature. The MODIS temperatures are higher than the observed temperature 
in most of the cases. On an average the MODIS minimum and maximum daily temperature 
is respectively, 1.70 C and 4.00 C higher than the observed temperature.  
The variation between the observed and MODIS daily minimum temperature is presented 
at Fig. 3-12 at monthly time step for the period 2001 to 2013. The difference is computed 
by deducting MODIS temperature from the observed thus the positive value indicates 
higher observed value and vise versa. In most of the time splits the temperature variation 
lies between ± 20 C. MODIS underestimated the winter temperature and overestimated the 
summer temperature at the Hoedspruit and Witbank locations. However, MODIS depicts 
higher temperature for the Oudestad station and no definite trend for the Lydenburg station. 
Based on the comparison, the satellite based precipitation (CHIRPS) and temperature 
(MODIS) are corrected using linear bias correction method. Due to the unavailability of 
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wind speed, relative humidity and solar radiation data, they were simulated by the weather 
generator module in SWAT. 
   
Fig. 3-6 Precipitation stations within the study area (a) observed (b) gridded 
 
 
 
 
 
 
 
 
 
Fig. 3-7 Temperature stations within the study area (a) observed (b) gridded 
 
 
 
 
(a) (b) 
(a) (b) 
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Fig. 3-8 Annual average precipitation comparison between CHIRPS and Observed at (a) 
B1E001, (b) B1E003, (c) B4E003, and (d) B7E007 stations 
 
Fig. 3-9 Monthly precipitation comparison between CHIRPS and Observed at 
(a) B1E001, (b) B1E003, (c) B4E003, and (d) B7E007 stations 
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Fig. 3-10 Monthly maximum temperature comparison between MODIS and Observed at 
(a) Hoedspruit, (b) Lydenburg, (c) Oudestad, and (d) Witbank stations 
 
 
Fig. 3-11 Monthly minimum temperature comparison between MODIS and Observed at 
(a) Hoedspruit, (b) Lydenburg, (c) Oudestad, and (d) Witbank stations 
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Fig. 3-12 Difference in minimum temperature between Observed and MODIS at (a) 
Hoedspruit, (b) Lydenburg, (c) Oudestad, and (d) Witbank stations 
 
3.5.5 River Flow Data 
Observed time series of streamflow, are required for calibration and validation of the model 
are collected from Department of Water and Sanitation, South Africa. There are several 
gauging stations within in the study area, however most of them do not have continuous 
data and only a few have continuous data. According to Arnold et al. (2012) the observed 
flow data should contain the dry, moderate and wet spell for the both calibration and 
validation time splits. In terms of model testing, the variation in the observed flow data is 
more important than the length of the data (Gan et al., 1997). The precipitation and 
observed stream for different streamflow monitoring stations were compared to identify 
the best/suitable stations for calibration and validation (Fig. 3-13, Fig. 3-14 and Fig. 3-15). 
The flow station Balule (B7H026) lacks data for the 1996 to 2009 and 2012-2014 time 
splits, thus it would not be a good choice for the model calibration and validation. In 
contrast, Blythe (B6H005) and Mamba (B7H015) possess continuous data and include the 
dry, intermediate and wet spells which can be grouped into different time horizons for the 
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model calibration and validation. Besides B7H015 and B6H005 reflect the monthly and 
seasonal flow pattern which include low flows during the dry seasons and high flows 
during the monsoon. In addition, B7H015 has 50,490 km2 drainage area that covers more 
than two third of the study area thus represents the substantial hydrological processes 
within the study area. Moreover, streamflow at B7H015 has profound consequences on the 
water availability of the KNP. B6H005 has 2,200 km2 catchment area, however, this 
catchment is least affected by the anthropogenic activities (McCartney, 2004). Finally, 
B6H005 and B7H015 stations data are selected for the calibration and validation of the 
model.  
 
Fig. 3-13 Monthly precipitation and streamflow comparison over time at Balule. 
 
Fig. 3-14 Monthly precipitation and streamflow comparison over time at Mamba. 
 
 
Fig. 3-15 Monthly precipitation and streamflow comparison over time at Blythe 
No Data 
35 
 
3.5.6 Dams 
There are more than 4,000 dams of different categories in Olifants River basin that store 
1,472 Mm3 water (McCartney, 2004). However, 10 major dams (Fig. 3-16) included in the 
model store 1,167 Mm3 which represents approximately 80 percent of the total storage of 
the basin. The presence of dams modify the water movement by controlling the flow. In 
SWAT model, the dams are located on the stream and receive flow from the upstream 
subbasins. The water balanace for a dam is decribed below: 
𝑉 = 𝑉௦௧௢௥௘ௗ + 𝑉௙௟௢௪௜௡ − 𝑉௙௟௢௪௢௨௧ +  𝑉௣௖௣ −  𝑉௘௩௣ − 𝑉௦௘௘௣                             Eq. 3-1 
Where 𝑉 is the volume of water in the dam at the end of the day (m3), 𝑉௦௧௢௥௘ௗ is the volume 
of the water stored at the beginning of the day (m3), 𝑉௙௟௢௪௜௡ is the volume of water entering 
into the dam during the day (m3), 𝑉௙௟௢௪௢௨௧ is the volume of water flowing out from the dam 
during the day (m3), 𝑉௣௖௣ is the volume of precipitation falling on the dam during the day 
(m3), 𝑉௘௩௣ is the volume of water removed from the dam through evaporation during the 
day (m3), 𝑉௦௘௘௣ is the volume of water lost through seepage (m3). The data on dams are 
collected from Department of Water Affairs, South Africa (Table 3-3). Unfortunately, the 
required data for water flowing out from the dams are not available. To overcome the 
paucity of the water flowing out data the simulated target storage method is set at a fashion 
where water will spill out from the dam if the level of storage in the dam crosses the 
principal storage volume. 
Table 3-3: List of major dams inside the Olifants River basin 
SL Name Latitude Longitude Capacity 
(Mm3) 
Height 
(m) 
Surface 
Area (km2) 
Starting 
Year 
1 Loskop -25.42 29.36 374 53 24.3 1939 
2 Rhenosterkop -25.10 28.92 206 35 37.2 1984 
3 Middle Letaba -23.28 30.40 172 34 18.8 1984 
4 Flag Boshielo -24.80 29.43 105 36 12.9 1987 
5 Witbank -25.89 29.32 104 42 12.1 1971 
6 Bronkhorst Spruit -25.89 28.73 58 32 8.6 1950 
7 Blyderivierspoort -24.54 30.80 54 71 2.4 1975 
8 Middelburg -25.77 29.55 48 36 4.7 1978 
9 Rust De Winter -25.23 28.53 27 31 4.7 1934 
10 Kromfontein 
Middle Coffer 
-26.12 29.25 18 14 0.4 1990 
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Fig. 3-16 Major dams in the Oilfants River basin 
 
3.6 Model Setup 
The ArcGIS-SWAT interface of version 2016 has been used to setup the model. Olifants 
River stream was delineated from the raster file of DEM. The DEM was masked by the 
known Olifants area shapefile to reduce the processing time. The outlet location of the 
basin was added to the model to calculate the flow paths based on DEM and outfall. The 
model testing streamflow stations were inserted manually to ensure that the creation of the 
subbasins around the stations. The locations of the major dams were provided using add 
reservoir option. Though the Olifants River basin covers 73,700 km2, based on DEM and 
other information the watershed having an area of 68,978 km2 was delineated and divided 
into 81 subbasins (Fig 3-17). The GIS layer of landuse and soil data are provided along 
with the user defined lookup tables to accomplish SWAT landuse and soil classification. 
After that, the percentage of the slope classes were defined. The Olifants River basin has a 
wide range of elevation and it’s categorized into three types (Gyamfi et al., 2016a). These 
slope categories (a) level to mildly undulating (<8%), (b) rolling to hilly (8-30%) and (c) 
steeply dissected to mountains (>30%) were included in the model and the proportion in 
terms of the percentage of the study area were 79.5% ,16.5%  and 4 %, respectively, for 
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(a), (b) and (c). The threshold values for landuse, soil and slope were set at 5%, 20% and 
20%, respectively. The elevation bands were used to simulate the orographic rainfall in the 
vicinity of the escarpment. After model parameterization, the subbasins were further 
divided into 454 hydrologic response units (HRUs) depending on the homogeneity of 
landuse, soil type and slope. The accuracy of the model is dependant on the number of 
subbasins. Considering the number of climate stations, 81 subbasins are reasonable for the 
watershed. The model was set up for the period of March 1, 2000 to December 31, 2012 
with three years as a warm-up period. Ninety six climatic stations precipitation and 
temperature data were used as input, however, the SWAT model used only sixty five 
stations data depending on the location of the station and centroid of the subbasin; each 
subbasin use only one climatic station that is the nearest to the centroid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-17 Delineation of sub watersheds. 
 
3.7 Water Use 
The Olifants River basin can be divided into upper, middle and lower Olifants based on 
water use (Fig. 3-18). Upper catchment of the river uses water mainly for commerce and 
industry. Irrigation is the most dominant water user in the middle catchment and based on 
the irrigation practice the farming can be categorized into a) commercial farming and b) 
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subsistence farming. The first one heavily relies on intense irrigation and the latter one on 
rainfall. Commercial farming and mines are the major water user in the lower reaches of 
Olifants as well. Conservations and ecotourism are not the major water users but play vital 
role in earning foreign currency and creating jobs.  
Total water demand for the watershed is estimated to be 1,016 Mm3 (McCartney, 2004). 
Agriculture is not the dominant land use but it consumes more than 50 percent of the water 
demand which equates approximately 540 Mm3 (Arranz et al., 2007). Maize, wheat, 
sorghum, etc. are the major crops grown in this area and maize is the most dominant 
(Akpalu et al., 2011). Maize is a summer crop and planted in between October to December 
in this region (Benhin, 2006). The comparison between monthly mean precipitation and 
potential evapotranspiration (PET) shows that PET is always higher than precipitation, 
indicating the need for irrigation [Fig. 3-20 (a)]. Moreover, as per the crop calendar of 
South Africa (Fig. 3-19) October to April is the cropping period for the summer crop. The 
crop estimation committee of South Africa reported that 97 percent of the total cropping 
occurs during the summer period in the Olifants River basin (DAFF, 2019; DAFF, 2018). 
It can be concluded that most of the irrigation and water consumption occurs during the 
summer and based on this conclusion a consumptive water use pattern is constructed for 
this study area [Fig. 3-20 (b)].  
 
 
 
 
 
 
 
 
 
Fig. 3-18 Upper, Middle and Lower Olifants River. 
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Fig. 3-19 Crop calendar of South Africa 
 
Fig. 3-20 (a) Comparison of monthly median precipitation and mean PET across the 
study area, and (b) Monthly consumptive water use  
 
3.8 Climate Change Impact Assessment  
Climate change impact assessment on hydrologic regime is performed by comparing the 
various processes of the hydrologic cycle between historical and future time horizons. To 
this end, the pre-calibrated model is forced with bias corrected historical and future climate 
data. The climate data for historical (1985-2005) and two scenario periods, mid-century 
(2041-2070) and end-century (2071-2100), have been used from an ensemble of nine 
regional climate models (Table 3-4). The RCMs are part of the Coordinated Regional 
Climate Downscaling Experiment (CORDEX). Two different emission scenarios are 
considered namely, rcp4.5 (moderate emission scenario) and rcp8.5 (high emission 
scenario). The available data under CORDEX project are grouped into 14 domains which 
encompassed most of the land surfaces throughout the globe (Chilkoti et al., 2017). The 
present study area lies within the domain-4 known as Africa (AFR) and the data related to 
the corresponding domain has been gathered from the climate models having the resolution 
of 0.44° x 0.44° (50 km x 50 km approximately). The climate projection contains numerous 
climatic variables. However, according the input requirement of the hydrological model, 
only precipitation, maximum and minimum near surface air temperature have been 
Sowing Growing Harvesting
(b) 
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extracted from the climate projection at the daily time step for the sixty five climatic 
stations SWAT used during the model development. A script is developed in R to extract 
and compile the climatic data. 
Table 3-4: List of CORDEX climate model ensembles used in this study 
SL General Circulation Model (GCM)  Regional Climate Model (RCM) 
GCM Modelling Agency  RCM Modelling Agency 
M1 CanESM2 CCCma  RCA4 SMHI 
M2 ECEARTH ICHEC  CCLM4-8-17 IAES 
M3 ECEARTH ICHEC  HIRHAM5 DMI 
M4 ECEARTH ICHEC  RACMO22T KNMI 
M5 ECEARTH ICHEC  RCA4 SMHI 
M6 ECEARTH ICHEC  REMO2009 GERICS 
M7 HadGEM2 MOHC  CCLM4-8-17 IAES 
M8 HadGEM2 MOHC  CRCM5 UQAM 
M9 HadGEM2 MOHC  RCA4 SMHI 
 
CCCma- Canadian Center for Climate Modelling and Analysis 
SMHI- Swedish Meteorological and Hydrological Institute 
ICHEC- Irish Center for High End Computing 
IAES- Institute for Atmospheric and Environmental Sciences 
DMI- Danish Meteorological Institute 
KNMI- The Royal Netherlands Meteorological Institute 
GERICS- The Climate Service Center Germany  
MOHC- Met Office Hadley Centre 
UQAM- Université du Québec à Montréal 
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3.9 Trend Analysis 
3.9.1 Mann Kendall (M-K) Test 
M-K test is a non-parametric rank-based test that has the capability to analyze the 
hydrometeorological dataset (Yue et al., 2002). It determines the trend and strength of the 
trend based on the indices τ and p value. if τ is positive then it indicates positive trend and 
vise versa, however zero indicates no trend. The p value describes the significance level or 
confidence level of the trend. For instance, p value of 0.05 indicates 95 percent of 
confidence level hence only 5 percent data falls outside the trend (Helsel et al., 1992). The 
test measures the difference between the later measure value and earlier measured values 
൫𝑥௝ − 𝑥௜൯, where j>i, and assign integer -1,0 and 1 for negative, zero and positive values. 
The test statistics can be written as 
𝑆 = ∑௡ିଵ௜ୀଵ ∑ 𝑠𝑖𝑔𝑛(𝑥௝௡௝ୀ௜ାଵ − 𝑥௜)                                         Eq. 3-2 
where 𝑠𝑖𝑔𝑛൫𝑥௝ − 𝑥௜൯ =  ൞
−1, 𝑖𝑓  ൫𝑥௜ − 𝑥௝൯ < 0
0, 𝑖𝑓  ൫𝑥௜ − 𝑥௝൯ = 0
1, 𝑖𝑓  ൫𝑥௜ − 𝑥௝൯ > 0
 
𝜏 = ଶௌ
௡(௡ିଵ)
                                                                                Eq. 3-3 
 
3.9.2 Sen’s Slope 
Sen’s slope is also a nonparametric test and is often performed together with M-K test to 
describe the slope of the trend (Helsel et al., 1992). It calculates the slope from the median 
of the paired slopes hence it is less sensitive towards the outliers. The Sen’s slope can be 
expressed as 
𝛽ଵ = 𝑚𝑒𝑑𝑖𝑎𝑛 (
௫ೕି௫೔
௧ೕି௧೔
)                                                              Eq. 3-4 
where 𝛽ଵis the Sen’s slope, 𝑥௝ and 𝑥௜ are the values of the timeseries data at 𝑡௝ and 𝑡௜, 
respectively. 
42 
 
CHAPTER IV 
RESULTS AND DISCUSSION 
 
4.1 Overview 
The results and discussion chapter mainly consist of the model performance, hydrological 
budget and climate change impacts assessment. The model performance includes the effect 
of water use, sensitivity analysis, calibration and validation and model uncertainty analysis. 
The consumptive water use estimated for this basin adopted in the model to better represent 
the reality and achieve better simulation. SWAT-CUP has been used to perform the 
sensitivity analysis, calibration and validation and model uncertainty analysis. In the 
hydrological budget analysis, the water budget has been analyzed and matched with the 
reported values.  
The projected changes in precipitation, temperature and flow are analyzed and discussed 
in the climate change section. To this end, the hydrological components are compared 
between the historical and future periods. Results indicate significant increase in the 
projected temperature, general decrease in flow and precipitation with fluctuations. 
Moreover, spatial analysis has been performed and the results show that the high spatial 
variation will remain in the projected precipitation and flow. 
4.2 Impacts of Water Use on Streamflow 
The default monthly simulated streamflows are compared to the observed streamflow at 
Mamba flow station (B7H015) having a catchment area of 50,490 km2 with and without 
considering the consumptive water use. There is a significant variation between the 
simulated and observed streamflow in the absence of consumptive water use (Fig. 4-1). It 
was learnt that the large amount water withdrawals are one of the reasons behind the poor 
simulation. Power generation, industrial, urban, rural, mining and irrigation are the main 
water consumption sectors in this catchment (McCartney , 2004). For proper estimation of 
the flows, the consumptive water uses need to be incorporated in the model. The 
consumptive use as estimated earlier and presented in Fig. 3-20 (b) was incorporated. The 
streamflow comparison subsequent to the consumptive use indicates a significant 
improvement in the model performance (Fig. 4-2). The mean monthly flows for each year 
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are plotted separately for two different cases which include (a) without water use (Fig. 4-
3), and (b) with water use (Fig. 4-4). The simulation without water use captures the flow 
pattern but overestimates the high flow magnitudes. On the other hand, the presence of 
water use simulates the flow reasonably, however, there is room for improvements which 
is achieved during the calibration. 
 
Fig. 4-1 Comparison of observed and simulated streamflows at Mamba (B7H015) 
gauging station (without considering consumptive water use) 
 
 
Fig. 4-2 Comparison of observed and simulated streamflows at Mamba (B7H015) 
gauging station (considering consumptive water use) 
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Fig. 4-3 Comparison of monthly observed (1st bar from left) and simulated streamflows at 
Mamba (B7H015) gauging station (without considering consumptive water use) 
  
Fig. 4-4 Comparison of monthly observed (1st bar from left) and simulated streamflow at 
Mamba (B7H015) gauging station (considering consumptive water use) 
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4.3 Sensitivity Analysis 
Hydrologic model needs to pass through calibration and validation process before utilizing 
it as a decision-making tool (Muleta et al., 2005). A semi-distributed watershed model has 
several parameters that represent the hydrologic processes in the watershed. Sensitivity 
analysis (SA) quantifies the changes in the model output corresponding to model inputs 
(Mai et al., 2019). SA helps to lower the number of parameters required tuning for the 
calibration. The objective of the SA is to determine the most sensitive parameters to ease 
the calibration process. There are two different types of SA namely, local or global. Local 
SA represents the change in model output in context to a specific input space whereas the 
global SA represents the model output response in the context of entire feasible model 
input space. Global SA is widely used as compared to the local SA, as it provides more 
information about the model sensitivity by considering the model input correlation (Göhler 
et al., 2013). SA analysis is also useful for model uncertainty analysis, model structural 
analysis and determining the relative importance of the model parameters (Mai et al., 
2019).  
SWAT Calibration and Uncertainty Program (SWAT-CUP) is a widely used tool to carry 
out the model sensitivity analysis. SWAT-CUP performs multiple regression analysis to 
quantify the parameter sensitivity statistics in terms of t-stat and p-value. The t-stat 
represents the sensitivity coefficient over its standard error, the large value indicates that 
the sensitivity coefficient is different from zero thus the parameter might be sensitive. On 
the other hand, the p-value represents the null hypothesis that the coefficient is zero i.e. has 
no effect. For instance, the p-value of 0.05 means that the probability of occurrence of no 
effect is 5% hence for the rest 95% cases the parameter would be sensitive. Therefore, the 
low p-value indicates that the parameter is sensitive. 
SA of the Olifants basin hydrologic model was performed through SWAT-CUP. The 
results of the analysis are depicted in the Fig. 4-5. Fourteen model parameters were tested 
for sensitivity which include eight groundwater and six surface water parameters. Among 
them one groundwater and five surface water parameters are found to be sensitive and the 
Curve Number (CN2) is found to be the most sensitive parameter. Relative ranking of the 
sensitive parameters was presented in the Table 4-1. 
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Fig. 4-5 Model parameters sensitivity statistics in the Olifants River basin 
 
Table 4-1: Sensitivity ranking of model parameters considered in the sensitivity analysis  
Parameter Category Description Rank 
CN2 Management SCS runoff curve number 1 
CH_K2 Main channel Effective hydraulic conductivity in the main 
channel (mm/h) 
2 
RCHRG_DP Groundwater Deep aquifer percolation fraction 3 
CH_N2 Main channel Manning's n value for main channel 4 
ALPHA_BNK Main channel Baseflow alpha factor for bank storage (days) 5 
ESCO HRU Soil evaporation compensation factor 6 
REVAPMN Groundwater Threshold depth of water in the shallow 
aquifer for "revap" to occur (mm) 
7 
ALPHA_BF Groundwater Baseflow alpha factor (days) 8 
GWQMN Groundwater Threshold depth of water in the shallow 
aquifer required for return flow to occur  
(mm H2O) 
9 
GW_DELAY Groundwater Groundwater delay (days) 10 
SHALLST Groundwater Initial depth of water in the shallow  
aquifer (mm) 
11 
SOL_AWC Soil Soil available water storage capacity  
(mm H2O/mm soil) 
12 
GW_REVAP Groundwater Groundwater "revap" coefficient 13 
DEEPST Groundwater Initial depth of water in the deep aquifer (mm) 14 
 
47 
 
4.4 Calibration and Validation 
Calibration is the process of finding optimal model parameters for achieving acceptable or 
higher level of performance of the model, whereas validation is the consistency checking 
of the calibration. Calibration is performed by changing the model parameters, while in 
validation the model parameters obtained during the calibration period are tested in an 
independent evaluation period. Generally, calibration and validation are performed with 
observed or experimental data of different periods. For instance, if 20 years of observed 
data are available, then 3-4 years data is used for warm up, one set of 7-8 years data are 
used for calibration and another set of 7-8 years data are used for validation. In this study, 
based on the available data, the model is set up for the period 2000 to 2012, out of which 
2000-2002, 2003-2008, and 2009-2012 time periods are the warm-up, calibration and 
validation periods, respectively. SWAT-CUP software is used for calibration of the model 
and the calibrated parameter ranges as well as fitted values are presented in Table 4-2.   
Table 4-2: Range of calibrated parameters and final fitted values used in the modelling 
Parameter Description Range Fitted 
Value 
CN2 SCS runoff curve number -0.2-0.2 0.19 
CH_K2 Effective hydraulic conductivity in the  
main channel (mm/h) 
0-50 31.5 
RCHRG_DP Deep aquifer percolation fraction 0-0.7 0.25 
CH_N2 Manning's n value for main channel 0-0.2 0.15 
ALPHA_BNK Baseflow alpha factor for bank storage (days) 0-0.2 0.09 
ESCO Soil evaporation compensation factor 0-0.6 0.23 
REVAPMN Threshold depth of water in the shallow 
aquifer for "revap" to occur (mm) 
100-300 218 
ALPHA_BF Baseflow alpha factor (days) 0-0.2 0.1 
GWQMN Threshold depth of water in the shallow aquifer 
required for return flow to occur (mm H2O) 
500-4500 675 
GW_DELAY Groundwater delay (days) 30-400 185 
SHALLST Initial depth of water in the shallow aquifer 
(mm) 
500-1500 790 
SOL_AWC Soil available water storage capacity (mm 
H2O/mm soil) 
-0.1-0.1 -0.06 
GW_REVAP Groundwater "revap" coefficient 0.15-0.2 0.18 
DEEPST Initial depth of water in the deep aquifer (mm) 1500-2500 1970 
48 
 
4.4.1 Nash-Sutcliffe Efficiency (NSE) 
NSE is a normalized statistic which is determined as unit minus square sum of difference 
between observed and simulated value over variance of observed value under the 
investigation period. NSE is calculated as 
𝑁𝑆𝐸 = 1 − ∑ (ை೔
೙
೔సభ ିௌ೔)
మ
∑ (ை೔೙೔సభ ିைത)మ
                                                                                   Eq. 4-1 
where 𝑂௜  and 𝑆௜ are the observed value and simulated value respectively at time step ′𝑖′ , 
𝑂ത is the average observed value and n is the number of observations. NSE ranges between 
-∞ to 1, where 1 represents the perfect value. NSE value greater than 0.5 is considered 
acceptable for monthly flow simulation in SWAT model. 
4.4.2 Kling Gupta Efficiency (KGE) 
The KGE (Gupta et al., 2009) measures the Euclidian distance of three components which 
include correlation, bias and variability from the ideal point. The values of KGE ranges 
from -∞ to 1, where 1 represents the perfect match. KGE is less sensitive towards the 
extremes relative to the NSE. KGE enhances the bias and the variability measure 
considerably but slightly decrease the correlation compared to the NSE (Gupta et al., 2009). 
KGE can be expressed as follows 
𝐾𝐺𝐸 = 1 − ඥ(𝑟 − 1)ଶ+(α − 1)ଶ+(β − 1)ଶ                                                 Eq. 4-2 
where, r is the linear regression coefficient between observed and simulated data  
α = ஼௢௘௙௙௜௖௘௜௘௡௧ ௢௙ ௩௔௥௜௔௧௜௢௡ ௢௙ ௦௜௠௨௟௔௧௘ௗ ௗ௔௧௔
஼௢௘௙௙௜௖௘௜௘௡௧ ௢௙ ௩௔௥௜௔௧௜௢௡ ௢௙ ௢௕௦௘௥௩௘ௗ ௗ௔௧௔
, and β = ெ௘௔௡ ௢௙ ௦௜௠௨௟௔௧௘ௗ ௗ௔௧௔
ெ௘௔௡ ௢௙ ௢௕௦௘௥௩௘ௗ ௗ௔௧௔
 
4.4.3 Percent Bias (PBIAS) 
PBIAS measures the average tendency of simulated data compared to its observed 
counterpart. It measures the overestimation or underestimation of simulated data in 
percentage. PBIAS is formulated as  
𝑃𝐵𝐼𝐴𝑆 = ∑ (ை೔
೙
೔సభ ିௌ೔)∗ଵ଴଴
∑ ை೔೙೔సభ
                                                                                  Eq. 4-3 
where 𝑂௜  and 𝑆௜ are the observed value and simulated value respectively at time step ′𝑖′ 
and n is the number of observations. The optimum value for PBIAS is 0 and low value 
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indicates accuracy of the model. PBIAS value range between -20% and 20% is considered 
acceptable for monthly flow simulation of SWAT model. The positive value indicates that 
the model is underestimating while the negative value represents overestimation of the 
model.  
4.4.4 Calibration and Validation Performance 
The model is calibrated (Fig. 4-6) and validated (Fig. 4-7) at two different stations (a) 
Mamba (B7H015) and (b) Blythe (B6H005) having catchment area of 54,500 km2 and 
2,200 km2, respectively. The model performance classification of Moriasi et al. (2007) has 
been adopted as the reference for evaluating the results. Both quantitative and graphical 
technique are used to evaluate the performance of the hydrological model. The model 
evaluation statistics for calibration and validation (Table 4-3) show that there is a 
satisfactory agreement between the simulated and measured streamflows. The well-
established model statistical performance indicator NSE and KGE are found to be greater 
than 0.5 and 0.6, respectively for both station during the model evaluation period. In 
addition, another well established model statistical performance indicator, PBIAS lies 
within the range of ±20%. Moreover, the visual indicators like timeseries comparison 
during the low, average and high discharge period for the model calibration and validation 
period depicts fair agreement between the modelled and measured flows. The acceptable 
range of NSE, KGE and PBIAS along with the visual comparison confirmed the model 
satisfactory performance. 
 
Fig. 4-6 Monthly streamflow calibration results: (a) Mamba and (b) Blythe 
 
Fig. 4-7 Monthly streamflow validation results: (a) Mamba and (b) Blythe 
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Table 4-3: Performance statistics for calibration and validation at monthly time step  
Station   Satisfactory value  Calibration  Validation 
 NSE1 PBIAS2 KGE1  NSE PBIAS KGE  NSE PBIAS KGE 
B7H015   
0.50 
 
± 20%  
 
0.60 
 0.60 -2.21 0.80  0.56 -0.47 0.63 
B6H005   0.52 19.26 0.65  0.74 8.82 0.81 
1Indicating minimum acceptable value, 2Indicating acceptable range 
4.5 Uncertainty Analysis 
Uncertainty analysis is very important to determine reliability of the model. Model 
uncertainty analysis is carried out using SWAT-CUP Sequential Uncertainty Fitting 
(SUFI-2), which considers all potential sources of uncertainty including input data, model 
conceptualization, parameterization and output. The uncertainty analysis result is 
expressed as 95 percent uncertainty (95 PPU), which is calculated at the 2.5% and 97.5% 
levels of the cumulative distribution of the output variable using Latin Hypercube 
Sampling method (Mckay et al., 2000). Two factors termed as P-factor and R-factor are 
used to express the result of the uncertainty analysis. P-factors represents the percentage of 
the behavioural data falls within the 95 PPU, while R-factor represents the thickness of the 
95 PPU band (Abbaspour et al., 2015). The P-factor and R-factor, respectively, ranges 
between 0 to 1 and 0 to ∞. The numeric value of 1 and 0 represent the perfect match with 
observed for the P-factor and R-factor, respectively. The P-factor greater than 0.7 and R-
factor less than 1 is considered satisfactory (Dabrowski, 2014). The P-factor and R-factor 
can be expressed as follows: 
                         R − factor = ∑ (௒೔,వళ.ఱ%
೙
೔సభ ି௒೔,మ.ఱ%)
௡௦
                                                      Eq. 4-4 
 P − factor = ∑ ூ[௒೔
೙
೔సభ ]
௡
                                                                       Eq. 4-5 
                            with 𝐼[𝑌௜] = ൜
1,  𝑖𝑓 𝑌௜,ଶ.ହ% < 𝑌௜ <  𝑌௜,ଽ଻.ହ%
0,  𝑒𝑙𝑠𝑒  
where, 𝑌௜,ଽ଻.ହ% and 𝑌௜,ଶ.ହ% are the upper and lower limit of 95 PPU, and s is the standard 
deviation of the observed flow. 
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The NSE is set as an objective function in this uncertainty analysis and the simulation 
having NSE equal to or greater than 0.5 is considered as behavioral. 500 simulations have 
been carried out to perform the uncertainty analysis which improved the model reliability 
by narrowing down the 95 PPU band (Fig.4-8 and Fig. 4-9). The results indicate that 35% 
of the observed streamflow data bracketed within the 95 PPU band with an R value of 0.26. 
Fig. 4-8 Illustration of the best streamflow estimation and 95 percent uncertainty band at 
the beginning of the uncertainty analysis at Mamba (B7H015) 
 
Fig. 4-9 Illustration of the best streamflow estimation and 95 percent uncertainty band at 
the end of the uncertainty analysis at Mamba (B7H015) 
 
4.6 Water Budget Analysis 
Water budget analysis of the hydrological model is performed at annual time step for the 
period 2003 to 2012. The model Mean Annual Precipitation (MAP) for that period is found 
634 mm which showed good agreement with the observed MAP of 630mm. The values of 
the hydrological components are expressed as a percentage of MAP in the water budget 
analysis (Fig. 4-10). The hydrological budget depicts that 75.8 percent of the precipitation 
returns to the atmosphere as evapotranspiration, rest 24.2 percent contributes to the surface 
runoff, baseflow and seepage. The surface runoff, baseflow and seepage are found to be 
6.3, 1.9 and 16.0 percent of the precipitation, respectively. The percentage of the 
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evaporation is consistent with the previous study of Gyamfi et al. (2016), who found the 
evaporation lies in between 70 to 78 percent of precipitation for this study area. Moreover, 
the surface runoff conforms with the study of McCartney (2004), who reported mean 
annual runoff is 6 percent of MAP for this region. Furthermore, Web-based Hydrograph 
Analysis Tool (WHAT) is used to separate the baseflow and surface runoff portion from 
the observed flow. WHAT results showed, the streamflow consists of 22% baseflow and 
78% surface runoff, which is consistent with the respective simulation result having 23% 
baseflow and 77% surface runoff.  
Spatial analysis of the average annual precipitation, potential evapotranspiration and water 
yield distribution across the Olifants River basin is performed at subbasin scale for the 
2003 to 2012 time horizon (Fig. 4-11). The precipitation varied greatly over the study area 
ranging from 200 mm to 1000 mm with an average of 634 mm. The potential 
evapotranspiration varied significantly over the study area ranging from 1300 mm to 1900 
mm with an average of 1600 mm. Higher potential evapotranspiration observed in the 
northeast area of the basin compared to the southwest area. The southeast portion 
characterize with higher elevation and lower temperature compared to the northeast portion 
of the basin which played a vital role behind such spatial distribution of the potential 
evapotranspiration. The water yield represents the net amount of water exiting the subbasin 
towards the outfall. The water yield follows the spatial distribution of the precipitation and 
ranges between 0 mm to 250 mm for the study area. In general, southwest portion yields 
more water compared to the northeast portion of the basin and the middle section yields 
the most water near the highveld region. 
 
Fig. 4-10 Simulated annual water budget for the period 2003-2012 in the Olifants basin  
53 
 
 
Fig. 4-11 Spatial distribution of hydrological components for the period 2003-2012; (a) 
average annual precipitation, (b) potential evapotranspiration and (c) water yield  
 
4.7 Climate Change Impacts 
Hydrological components such as precipitation, temperature, flow and so on are compared 
between the base and future periods in the subsequent sections to assess the climate change 
impacts. In South Africa the hydrological year starts from October and ends at September 
and this hydrological year has been adapted in the monthly comparison plots. Moreover, 
the time splits 1985-2005, 2041-2070 and 2071-2100 are named as base period, mid-
century and end-century, respectively. Furthermore, base model results are compared with 
nine different climate ensembles which is denoted by B for base, and M1 to M9 for climate 
ensembles. The details of the abbreviated climate models are described in Table 3-4. 
4.7.1 Precipitation Projection 
Precipitation is compared between the base period and two future periods, namely (a) mid-
century, and (b) end-century for the rcp4.5, and rcp8.5 at monthly time step (Fig. 4-12 to 
Fig. 4-16). Relative to the base period, the mean annual precipitation is projected to 
decrease, though the magnitude of the reduction varies across the nine climate ensembles. 
The mid-century and end-century seasonal precipitation pattern are projected similar to the 
base period. However, projection uncertainty in the summer precipitation is found to be 
higher compared to that of the winter during the future periods. Moreover, there will be 
more frequent extreme precipitation events in the future compare to the base period. The 
mean summer precipitation is projected to decrease by 8.72 to 17.68 percent while the 
winter will decrease by 16.67 to 46.72 percent.  
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The monthly precipitation comparisons between base and future periods are plotted 
separately for each month in the Fig. 4-13 to Fig. 4-16. The comparison for the rcp4.5 
during mid century (Fig. 4-13) depicts that in the winter season the mean precipitation will 
decrease across the nine climate ensembles and the least amount of precipitation would 
occur during the month of July. However, fluctuation in the projected precipitation is found 
during the summer particularly in the month of December, January, March and April. In 
December and January, ECEARTH RACMO22T (M4) climate model ensemble exhibits 
an increase in the mean precipitation with respect to observed precipitation while rest eight 
climate models showed decrease. Four climate ensembles ECEARTH CCLM (M2), 
ECEARTH RCA4 (M5), ECEARTH REMO2009 (M6) and HADGEM RCA4 (M9) 
showed an increase in the mean monthly precipitation while others showed a decrease in 
March and the similar phenomena with higher magnitude is found in April. Comparing the 
interquartile ranges, it can be inferred that the more skewedness in precipitation is expected 
during the winter compared to the summer. Moreover, RCMs nested in the GCM named 
ECEARTH have estimated higher precipitation. 
The comparison for the rcp4.5 during end-century (Fig. 4-14) depicts that in the winter 
season the mean precipitation will decrease across the climate models with one exception 
in ECEARTH RACMO22T (M4) during May, June, and August. Similar to the mid-
century the least amount of precipitation would occur during the month of July. Moreover, 
fluctuation in the projected precipitation is found during the summer particularly in the 
month of January, February and March. Climate ensembles CanESM RCA4 (M1) and 
ECEARTH RACMO22T (M4) in January, ECEARTH RACMO22T (M4)  and  
ECEARTH REMO2009 (M6) in February, and CanESM RCA4 (M1) and ECEARTH 
REMO2009 (M6) in March exhibits an increase in the mean precipitation with respect to 
the base period temperature while rest eight climate models showed decrease. Like the 
mid-century more skewedness in precipitation is expected during the winter compared to 
the summer. Moreover, the climate ensemble ECEARTH RACMO22T (M4) has estimated 
higher precipitation. 
The comparison for the rcp8.5 during mid-century (Fig. 4-15) depicts that during the winter 
season the mean precipitation will decrease across the nine climate models with exception 
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in May and the least amount of precipitation would occur during the month of July. 
However, fluctuation in the projected precipitation is found during the summer especially 
in the month of January, February, March and April. Climate ensembles ECEARTH 
HIRHAM (M3)  and ECEARTH RACMO22T (M4) in January, CanESM RCA4 (M1) and 
ECEARTH REMO2009 (M6) in February, ECEARTH REMO2009 (M6) in March and 
ECEARTH HIRHAM (M3), ECEARTH RACMO22T (M4)  and ECEARTH REMO2009 
(M6) in April exhibits an increased in the mean precipitation relative to observed while 
other climate ensembles showed decrease. Skewedness in precipitation is expected in both 
winter and summer precipitation. Moreover, RCMs nested in the GCM named ECEARTH 
have estimated higher precipitation. 
The comparison for the rcp8.5 during mid-century (Fig. 4-16) depicts that the mean 
monthly precipitation is projected to decrease with a few exceptions in January, May, July 
and August. The least amount of precipitation would occur during the month of July. 
Climate model ensembles ECEARTH HIRHAM (M3) and ECEARTH RACMO22T (M4) 
in January, and ECEARTH RACMO22T (M4) projected increase in the mean precipitation 
during May, July and August relative to observed while other climate ensembles showed 
decrease. Moreover, RCMs nested in the GCM named ECEARTH have estimated higher 
precipitation. 
 
Table 4-4: Percent change in the seasonal and annual mean precipitation in mid and end 
century periods for rcp 4.5 and 8.5, from the base period in the Olifants River basin 
  Mid-century   End-century 
 Scenario Summer Winter Annual   Summer Winter Annual 
rcp4.5 -16.26 -46.72 -26.41  -17.68 -18.57 -17.98 
rcp8.5 -8.72 -16.67 -11.37  -15.06 -38.25 -22.79 
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Fig. 4-12 Monthly mean precipitation comparison in the study area between base and 
future periods for (a) rcp 4.5 mid-century, (b) rcp 4.5 end-century, (c) rcp 8.5 mid-
century, and (d) rcp 8.5 end-century  
 
Fig. 4-13 Monthly mean precipitation comparison in the study area between base and 
mid-century for rcp 4.5 scenario 
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Fig. 4-14 Monthly mean precipitation comparison in the study area between base and 
end-century for rcp 4.5 scenario 
Fig. 4-15 Monthly mean precipitation comparison in the study area between base and 
mid-century rcp 8.5 scenario 
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Fig. 4-16 Monthly mean precipitation comparison in the study area between base and 
end-century for rcp 8.5 scenario 
4.7.2 Temperature Projection 
Comparisons of the daily maximum temperature (tmax) and daily minimum temperature 
(tmin) have been carried out at monthly time step between the base period and two future 
time slots namely (a) mid-century, and (b) end-century for the rcp4.5 and rcp8.5 scenarios 
(Fig. 4-17 and Fig. 4-18). The results showed that both tmax and tmin are projected to increase 
in the future with respect to the base period. Moreover, the higher rate of increase in 
temperature is found in rcp8.5 compared to rcp4.5 for the chosen time periods. The highest 
temperature rise is projected under rcp8.5 at the end century. The average annual 
temperature is projected to increase 1.7 °C to 2.6 °C at mid-century while 2.1 °C to 4.6 °C 
by the 21st century. Moreover, the maximum rise in tmax is projected in summer, while the 
maximum rise in tmin is projected in the winter (Table 4-5 and 4-6). The projected rate of 
temperature increase in the Olifants River basin is 0.28 °C to 0.51 °C per decade which is 
higher than the global average 0.17 °C per decade. 
Furthermore, the trend analysis has been performed using well known Mann-Kendall (M-
K) test along with Sen’s slope (β1) estimation for both tmax and tmin (Fig. 4-19 and Fig. 4-
20). The results of the M-K test for the rcp8.5 mid-century and end-century for tmax and tmin 
confirm the existence of significant increasing trend (Table 4-9 and Table 4-10). In all the 
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cases for the rcp8.5, the τ values are positive, and p-value falls under the 0.05 threshold. In 
case of tmax mid-century, the strongest increasing trend is found in HADGEM 
RACMO22T(M8) having a β1 value of 0.088 while for end-century the strongest rising 
trend has been found in ECEARTH RACMO22T (M4) with β1 value of 0.103. 
Coincidently, similar results with different magnitudes have been found in tmin for the 
respective cases. Overall, for the rcp8.5 ECEARTH RACMO22T (M4) is exhibiting the 
highest increasing trend.  
The M-K test and Sen’s slope estimation results for the rcp 4.5 mid-century and end-
century for tmax and tmin concurred on the increasing trend but differ in the strength of the 
trend (Table 4-7 and Table 4-8). For instance, only ECEARTH CCLM (M2) and 
HADGEM CCLM (M7) showed significant trend with p and β1 values are respectively, 
0.007, 0.029 and 0.003, 0.033 in case of the tmin for mid-century and no significant trend 
has been observed in the rest seven ensembles. Moreover, for the end century no significant 
trend in tmin has been found among the climate ensembles. Similar phenomenon has been 
observed for tmax where no significant trend exists for the end-century and during mid-
century; only HADGEM CCLM (M7), HADGEM RACMO22T (M8) and HADGEM 
RACMO22T (M9) are showing significant increasing trend. 
Table 4-5: Changes in maximum temperature during future period when compared to 
those of base period in °C 
  Mid-century   End-century 
Scenario Summer Winter Annual   Summer Winter Annual 
rcp4.5  2.12 1.74 1.96   2.49 1.96 2.27 
rcp8.5 2.79 2.32 2.59   4.82 4.16 4.55 
 
Table 4-6: Change in minimum temperature during future period when compared to 
those of base period in °C 
  Mid-century   End-century 
Scenario Summer Winter Annual   Summer Winter Annual 
rcp4.5  1.81 1.62 1.73   2.14 2.12 2.13 
rcp8.5 2.26 2.28 2.27   4.10 4.12 4.11 
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Fig. 4-17 Daily maximum temperature comparison at monthly time step between base 
and future periods for (a) rcp 4.5 mid-century, (b) rcp 4.5 end-century, (c) rcp 8.5 mid-
century and iv) rcp 8.5 end-century 
 
 
Fig. 4-18 Daily minimum temperature comparison at monthly time step between base 
and future periods for (a) rcp 4.5 mid-century, (b) rcp 4.5 end-century, (c) rcp 8.5 mid-
century and iv) rcp 8.5 end-century 
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Fig. 4-19 Monthly timeseries, linear regression analysis and annual Mann-Kendall 
statistics of daily maximum temperature for rcp 8.5 mid-century for the study area. 
 
Fig. 4-20 Monthly timeseries, linear regression analysis and annual Mann-Kendall 
statistics of daily maximum temperature for rcp 8.5 end-century for the study area.  
The black solid line, the blue dashed line and the green patch are representing the 
monthly temperature timeseries, linear regression line and ranges, respectively. 
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Fig. 4-21 Monthly timeseries, linear regression analysis and annual Mann-Kendall 
statistics of daily maximum temperature for rcp 8.5 mid-century for the study area.  
Fig. 4-22 Monthly timeseries, linear regression analysis and annual Mann-Kendall 
statistics of daily maximum temperature for rcp 8.5 end-century for the study area. 
The black solid line, the blue dashed line and the green patch are representing the 
monthly temperature timeseries, linear regression line and ranges, respectively. 
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Table 4-7: Statistics of Mann-Kendall analysis (τ and P) and Sen’s slope (β1) of daily 
minimum temperature at annual time step during the future periods for the rcp 4.5 
scenario  
  tmin mid-century   tmin end-century 
Ensemble τ P β1   τ P β1 
M1 0.048 0.720 0.005   0.138 0.312 0.006 
M2 0.348 0.007 0.029   0.258 0.054 0.014 
M3 0.190 0.150 0.009   0.066 0.628 0.000 
M4 0.132 0.321 0.008   0.210 0.120 0.010 
M5 0.329 0.012 0.023   0.277 0.040 0.014 
M6 0.327 0.011 0.025   0.169 0.214 0.006 
M7 0.382 0.003 0.033   0.032 0.827 0.000 
M8 0.337 0.010 0.025   0.047 0.750 0.000 
M9 0.298 0.023 0.018   0.107 0.445 0.008 
 
Table 4-8: Statistics of Mann-Kendall analysis (τ and P) and Sen’s slope (β1) of daily 
maximum temperature at annual time step during the future periods for the rcp 4.5 
scenario  
  tmax mid-century   tmax end-century 
Ensemble τ P β1   τ P β1 
M1 0.207 0.109 0.025   0.021 0.886 0.000 
M2 0.175 0.174 0.029   0.191 0.147 0.039 
M3 0.042 0.759 0.000   0.024 0.990 0.000 
M4 0.075 0.574 0.011   0.064 0.640 0.004 
M5 0.221 0.088 0.029   0.130 0.330 0.013 
M6 0.166 0.201 0.016   0.146 0.274 0.017 
M7 0.331 0.010 0.053   0.059 0.160 0.006 
M8 0.301 0.020 0.037   0.193 0.677 0.029 
M9 0.301 0.020 0.037   0.193 0.160 0.017 
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Table 4-9: Statistics of Mann-Kendall analysis (τ and P) and Sen’s slope (β1) of daily 
minimum temperature at annual time step during the future periods for the rcp 8.5 
scenario  
  tmin mid-century   tmin end-century 
Ensemble τ P β1 
 
τ P β1 
M1 0.497 0.0E+00 0.050 
 
0.660 5.9E-07 0.075 
M2 0.451 4.0E-04 0.050 
 
0.647 8.3E-07 0.080 
M3 0.426 9.0E-04 0.030 
 
0.433 1.0E-03 0.053 
M4 0.543 2.7E-05 0.038 
 
0.723 2.2E-16 0.088 
M5 0.526 5.2E-05 0.038 
 
0.717 1.2E-07 0.074 
M6 0.525 6.5E-05 0.041 
 
0.769 2.3E-16 0.067 
M7 0.617 2.1E-06 0.071 
 
0.539 8.2E-05 0.050 
M8 0.558 1.5E-05 0.067 
 
0.560 2.6E-05 0.071 
M9 0.574 8.1E-06 0.064 
 
0.677 4.8E-07 0.055 
 
Table 4-10: Statistics of Mann-Kendall analysis (τ and P) and Sen’s slope (β1) of daily 
maximum temperature at annual time step during the future periods for the rcp 8.5 
scenario  
  tmax mid-century   tmax end-century 
Ensemble τ P β1   τ P β1 
M1 0.381 3.2E-03 0.042   0.610 3.4E-06 0.074 
M2 0.427 9.0E-04 0.089   0.616 2.4E-06 0.100 
M3 0.453 4.0E-04 0.050   0.378 3.8E-03 0.050 
M4 0.399 2.0E-03 0.033   0.672 2.4E-07 0.103 
M5 0.352 6.4E-03 0.041   0.635 1.3E-06 0.088 
M6 0.618 1.8E-06 0.067   0.624 1.8E-06 0.095 
M7 0.441 5.0E-04 0.080   0.362 8.0E-03 0.037 
M8 0.525 4.4E-05 0.088   0.154 2.7E-01 0.017 
M9 0.520 5.4E-05 0.071   0.453 7.0E-04 0.045 
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4.7.3 Flow Projection 
The monthly average flow comparison at B7H015 between the base period and two future 
time horizons (a) mid-century and (b) end-century for rcp4.5 and rcp8.5 is presented in Fig. 
4-23 as a truncated boxplot to better capture the quartiles. However, detailed boxplots for 
each month are compared for rcp4.5 mid-century (Fig. 4-24), rcp4.5 end-century (Fig. 4-
25), rcp8.5 mid-century (Fig.4-26), and rcp8.5 end-century (Fig.4-27) to complement the 
comparison. Overall, the decrease in the mean annual flow is projected with significant 
fluctuations at monthly step. For instance, in case of rcp4.5 mid-century fluctuations in the 
simulated flows are found throughout the year except decrease in the November and 
December. The seasonal flow distribution during the future periods are found similar to the 
base period with varying magnitudes. The highest number of extreme events i.e. floods are 
projected to occur during February and March.  
 
 
Fig. 4-23 Monthly mean flow comparison between base and future periods at Mamba 
(B7H015); (a) rcp 4.5 mid-century, (b) rcp 4.5 end-century, (c) rcp 8.5 mid-century, and 
(d) rcp 8.5 end-century 
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In case of rcp4.5 end-century, the mean monthly flow is projected to decrease throughout 
the year except in the case of M4 (ECEARTH RACMO22T) climate ensemble in January. 
More frequent extreme events are projected during the summer compare to winter. Similar 
phenomenon like rcp 4.5 is found during the mid-century and end-century of rcp8.5. A 
wider range of flow is projected in the summer compare to the winter thus the uncertainty 
in the summer flow will be higher. In general, more frequent extreme events i.e. floods are 
predicted in the future compared to the historical period. 
 
Fig. 4-24 Boxplot of monthly mean flow comparison at Mamba for rcp4.5 mid-century 
 
Fig. 4-25 Boxplot of monthly mean flow comparison at Mamba for rcp4.5 end-century 
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Fig. 4-26 Boxplot of monthly mean flow comparison at Mamba for rcp8.5 mid-century 
 
 
Fig. 4-27 Boxplot of monthly mean flow comparison at Mamba for rcp8.5 end-century 
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4.7.4 Hydrograph Comparison 
The hydrograph is compared between the base period and two future periods a) mid-
century and b) end century for two different scenarios rcp4.5 and rcp8.5 (Fig. 4-28) at 
Mamba station (B7H015). The historical flow computed from the average value of the base 
period. The median future flow is calculated from the median of average values of nine 
different climate ensembles. The future flow band is determined from the minimum and 
maximum value of nine different climate ensembles for that month. It is apparent from the 
Fig. 4-28 that the summer flow uncertainty is higher than that of winter. Moreover, the 
flow uncertainty is lower at the end century period compared to mid-century period. In 
addition, the peak flow is expected to shift towards March from February at the end 
century. 
 
Fig. 4-28 Historical and future flow hydrographs with ranges for, (i) rcp 4.5 mid-century, 
(ii) rcp 4.5 end-century, (iii) rcp 8.5 mid-century, and (iv) rcp 8.5 end-century at Mamba 
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4.7.5 Flow Duration Curve (FDC) Comparison 
In 1998, South Africa promulgated the National Water Act which introduced the term 
“ecological reserve” to meet basic human needs and environmental sustainability. Kruger 
National Park (KNP) is located at the downstream of the Olifants river and a minimum 
flow 0.5 m3/s is set at B7H015 station for ensuring the ecological reserve of the KNP 
(Aurecon, 2011). The FDC is compared between the base period and two future periods 
i.e. (a) mid-century and b) end-century for two different scenarios rcp4.5 and rcp8.5 (Fig. 
4-29) at B7H015. The historical flow computed from the average value of the base period. 
The median future flow is calculated from the median of average values of nine different 
climate ensembles. The future flow band is determined form the minimum and maximum 
value of nine different climate ensembles for that month. The FDC’s indicate that the 
unavailability of the minimum flow for ecological reverse will increase by 2 to 12 percent 
(Table 4-11) 
 
 
Fig. 4-29 Historical and future Flow Duration Curves (FDC’s) for (i) rcp 4.5 mid-century, 
(ii) rcp 4.5 end-century, (iii) rcp 8.5 mid-century, and (iv) rcp 8.5 end-century at Mamba  
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Table 4-11: Flow exceedance for minimum flow (0.5 m3/s) at Mamba 
Period Base Rcp4.5 Rcp8.5 
Base-period 92% - - 
Mid-century - 84% 90% 
End-century - 87% 80% 
 
4.8 Spatial Distribution of Precipitation Change 
Spatial distribution of Mean Annual Precipitation (MAP) changes in each subbasin 
between the base and future periods are analyzed for two different scenarios rcp4.5 and 
rcp8.5 (Fig. 4-30). The MAP is projected to decrease over the Olifants River basin with 
some exceptions in the mid veld area near the escarpment. The difference is computed by 
subtracting MAP observed form median value of annual average precipitation of nine 
climate ensembles thus a negative value indicates a decrease in the future and vise versa. 
The values indicate that on the average a decrease of 20, 23, 17.6 and 24 percent decrease 
in MAP are likely to occur for rcp4.5 during mid-century, rcp4.5 end-century, rcp8.5 mid-
century and rcp8.5 end-century, respectively with respect to the base period. The difference 
in projected precipitation varied significantly across the basin. For instance, for rcp4.5 mid-
century the variation ranges from -1.6 to 49.0 percent with -25.0 percent average in the 
lowveld region, -54.8 to 24.9 percent with -16.5 percent average in the mid-veld region 
and -5.8 to -29.1 percent with -18.0 percent average in the highveld region. The similar 
phenomenon observed for the rcp4.5 end-century, rcp8.5 mid-century, and rcp8.5 end-
century. Spatial distribution of projected precipitation for different climate ensembles, 
periods and emission scenarios are presented in the annexure 3. In general, high spatial 
variation in the precipitation similar to historical will remain in the future.  
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Fig. 4-30 Change in precipitation across the Olifants River basin from base to (i) rcp 4.5 
mid-century, (ii) rcp 4.5 end-century, (iii) rcp 8.5 mid-century, and (iv) rcp 8.5 end-
century 
 
4.9 Spatial Distribution of Potential Evapotranspiration Change 
The difference between mean annual Potential Evapotranspiration (PET) in each of the 
subbasins between the base and future periods are plotted for rcp4.5 and rcp8.5 (Fig. 4-31). 
The PET is projected to increase over the Olifants River basin with some exceptions and 
the highest increase is projected at the end-century under rcp8.5. The difference is 
computed by subtracting base period value from median value of annual average PET of 
nine climate ensembles thus a positive value indicates an increase in the future. The 
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difference in mean annual PET varied gently across the basin. For instance, for rcp4.5 mid-
century the variation ranges from -1.4 to 13.0 percent with 6.9 percent average in the 
lowveld region, -1.5 to 14.4 percent with 5.7 percent average in the mid-veld region and -
1.1 to 11.4 percent with 5.4 percent average in the highveld region. The similar 
phenomenon observed for the rcp4.5 end-century, rcp8.5 mid-century and rcp8.5 end-
century. Spatial distribution of projected PET for different climate ensembles, periods and 
emission scenarios are presented in Annexure 5.  
 
Fig. 4-31 Change in PET across the Olifants River Basin from base to (i) rcp 4.5 mid-
century, (ii) rcp 4.5 end-century, (iii) rcp 8.5 mid-century, and (iv) rcp 8.5 end-century 
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4.10 Spatial Distribution of Water Yield Change 
Water yield changes in each subbasin between the base and future periods are plotted for 
rcp4.5 and rcp8.5 (Fig. 4-32). The water yield is projected to decrease over the Olifants 
River basin with some exceptions and the highest decrease is projected at the end-century 
under rcp8.5. The difference is computed by subtracting the base period value from median 
value of annual average water yield of nine climate ensembles for each subbasin. Like 
precipitation, the water yield varied significantly across the basin.  
 
 
Fig. 4-32 Change in water yield across the Olifants River Basin from base to (i) rcp 4.5 
mid-century, (ii) rcp 4.5 end-century, (iii) rcp 8.5 mid-century, and (iv) rcp 8.5 end-century 
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On an average, the water yield will decrease 43, 18 and 34 percent in the lowveld, mid-
veld and high veld region, respectively for rcp4.5 mid-century. Similar phenomena 
observed for other cases. Spatial distribution of projected yield for different climate 
ensembles, periods and emission scenarios are presented in the Annexure 6. 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Conclusions 
Understanding the impact of climate change on hydrological regime at watershed scale is 
very important for sustainable development of water resources. A hydrological model was 
developed using Soil and Water Assessment Tool (SWAT) to investigate the impact of 
climate change in the Olifants River basin, South Africa. The model was calibrated and 
validated using monthly observed streamflow data for the period 2003-2008 and 2009-
2012 respectively at two different locations. The calibrated model was forced with the bias 
corrected future climate data to predict the impact of climate change under rcp4.5 and 
rcp8.5 for mid-century (2041-2070) and end-century (2071-2100) period. Finally, the 
predicted streamflow for various climate ensembles are compared with the established 
minimum flow requirement for Kruger National Park (KNP).  
Widely accepted model performance indices like Nash Sutcliffe Efficiency (NSE), Kling-
Gupta Efficiency (KGE) and Percent Bias (PBIAS) are used to determine the SWAT model 
performance. NSE values are found to be 0.60 and 0.56 during the calibration and 
validation periods, respectively at Mamba (B7H015) station. KGE values are calculated to 
be 0.80 and 0.63, whereas PBIAS are found are found -2.21% and -0.47% during the 
calibration and validation period, respectively. At Blyde (B6H005) station, NSE values are 
found to be 0.52 and 0.74 during the calibration and validation period, respectively and 
KGE values are 0.65 and 0.81 for the respective periods. The PBIAS are found to be 
19.26% and 8.82% during the calibration and validation period, respectively. These 
statistical indices demonstrate that the SWAT model realistically represents the basin 
hydrology. 
The water budget analysis showed that the Evapotranspiration (ET) is the largest 
component (76%) and Potential Evapotranspiration (PET) is approximately 3 times higher 
than ET which indicate the necessity of irrigation for cropping. The surface flow and 
baseflow are 77% and 23% of the total flow, respectively. Monthly and seasonal water 
yield varied significantly due to the seasonal variation of the precipitation. Most of the 
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water yield (70%-90%) observed during the summer months (October to April). These 
values fall within the range of the reported values for the Olifants basin. 
Nine different climate model ensembles were analysed in this study and significant 
temperature rise (0.28 °C to 0.51 °C per decade) was found from the base period. The 
predicted temperature would rise at a higher rate than the global average. The mean annual 
precipitation would decrease for both summer and winter period. However, the seasonal 
distribution pattern for precipitation would remain similar, which means most of the 
rainfall would occur during October to April period. Moreover, reduction in the surface 
runoff was found in the future period compared to base period. In addition, frequent 
extreme flow events were predicted which indicate there will be frequent severe flood and 
drought in the future.  
The predicted flows were compared to the benchmark flow (0.5 m3/s) at Mamba station to 
assess the availability of minimum flow to maintain environmental flow for Kruger 
National Park (KNP).  The results indicate that the benchmark minimum flow would not 
be available for a range of 2%-12% time for the future period. 
5.2 Recommendations 
Plausible scenarios of socioeconomic and emission changes are used as the inputs of the 
climate models to generate the future climatic variables. Abrupt changes in the climate 
model inputs, such as energy usage, landuse pattern, air pollution and greenhouse gas 
emission from the predicted plausible scenarios will invalidate the climate change 
projections and consequently the present study results. Moreover, the consumptive water 
use has profound effect on the streamflow simulation. Drastic changes in the elements like 
demographic pattern, landuse, etc., which could lead to the abrupt changes in the water use 
pattern will necessitate the revision of the findings. Therefore, periodic update of the water 
usage pattern and emission scenarios are recommended.  
Hydrological models are useful tools for planning, operation and management of water 
resources. The uncertainty of the present model is not investigated at depth due to the time 
constraints; therefore, the results should be used with caution. Further studies can include 
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uncertainty analysis of hydrological model, groundwater-surfacewater interaction and 
water quality modelling.  
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ANNEXURES 
 
Annexure 1: List of available precipitation stations 
SL Station Location Data Period Source 
1 B1E001 Witbank @ Witbank Dam 1964-2009 DWA 
2 B1E003 Rondebosch @ Middelburg Dam 1979-2008 DWA 
3 B2E001 Groenfontein @ Bronkhorstsprt.Dam 1967-2017 DWA 
4 B3E003 Loskop Nat. Res. @ Loskop Dam 1935-2017 DWA 
5 B3E007 Rhenosterkop @ Rhenosterkop Dam 1980-2017 DWA 
6 B4E003 Buffelskloof @ Buffelskloof Dam 1971-2017 DWA 
7 B4E004 Roossenekal 1971-2017 DWA 
8 B5E004 Tambotieboom @ Arabie Dam 1990-2017 DWA 
9 B6E003 Blyderiv.Poortnatres @ Blyderiv.Poort Dam 1971-2017 DWA 
10 B7E004 Sheila @ Phalaborwa Barrage 1967-2007 DWA 
11 Witbank Witbank 1993-2018 SAWS 
12 Hoedspruit Hoedspruit 1996-2008 SAWS 
13 Phalaborwa Phalaborwa Airport AWS 2008-2014 SAWS 
 
 
Annexure 2: List of climate model ensembles 
SL GCM RCM 
a CanESM2 RCA4 
b ECEARTH CCLM4-8-17 
c ECEARTH HIRHAM5 
d ECEARTH RACMO22T 
e ECEARTH RCA4 
f ECEARTH REMO2009 
g HadGEM2 CCLM4-8-17 
h HadGEM2 CRCM5 
i HadGEM2 RCA4 
The SL is used to define the climate ensemble in the subsequent maps  
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Annexure 3: Projected precipitation maps for the future periods  
 
 
 
 
Figure A3-1: Projected annual precipitation in the Olifants River basin for mid-century 
under rcp 4.5 climate projections. (The units are in mm). 
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Figure A3-2: Projected annual precipitation in the Olifants River basin for mid-century 
under rcp 8.5 climate projections (The units are in mm). 
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Figure A3-3: Projected annual precipitation in the Olifants River basin for end-century 
under rcp 4.5 climate projections (The units are in mm). 
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Figure A3-4: Projected annual precipitation in the Olifants River basin for end-century 
under rcp 8.5 climate projections (The units are in mm). 
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Figure A3-5: Projected summer precipitation in the Olifants River basin for mid-century 
under rcp 4.5 climate projections (The units are in mm). 
98 
 
 
 
 
Figure A3-6: Projected summer precipitation in the Olifants River basin for mid-century 
under rcp 8.5 climate projections (The units are in mm). 
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Figure A3-7: Projected summer precipitation in the Olifants River basin for end-century 
under rcp 4.5 climate projections (The units are in mm). 
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Figure A3-8: Projected summer precipitation in the Olifants River basin for end-century 
under rcp 8.5 climate projections (The units are in mm). 
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Figure A3-9: Projected winter precipitation in the Olifants River basin for mid-century 
under rcp 4.5 climate projections (The units are in mm). 
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Figure A3-10: Projected winter precipitation in the Olifants River basin for mid-century 
under rcp 8.5 climate projections (The units are in mm). 
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Figure A3-11: Projected winter precipitation in the Olifants River basin for end-century 
under rcp 4.5 climate projections (The units are in mm). 
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Figure A3-12: Projected winter precipitation in the Olifants River basin for end-century 
under rcp 8.5 climate projections (The units are in mm). 
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Annexure 4: Projected temperature maps for the future periods 
 
 
 
 
Figure A4-1: Projected maximum annual temperature in the Olifants River basin for mid-
century under rcp 4.5 climate projections (The units are in 0C). 
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Figure A4-2: Projected maximum annual temperature in the Olifants River basin for mid-
century under rcp 8.5 climate projections (The units are in 0C). 
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Figure A4-3: Projected maximum annual temperature in the Olifants River basin for end-
century under rcp 4.5 climate projections (The units are in 0C). 
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Figure A4-4: Projected maximum annual temperature in the Olifants River basin for end-
century under rcp 8.5 climate projections (The units are in 0C). 
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Figure A4-5: Projected minimum annual temperature in the Olifants River basin for mid-
century under rcp 4.5 climate projections (The units are in 0C). 
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Figure A4-6: Projected minimum annual temperature in the Olifants River basin for mid-
century under rcp 8.5 climate projections (The units are in 0C). 
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Figure A4-7: Projected minimum annual temperature in the Olifants River basin for end-
century under rcp 4.5 climate projections. (The units are in 0C). 
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Figure A4-8: Projected minimum annual temperature in the Olifants River basin for end-
century under rcp 8.5 climate projections (The units are in 0C). 
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Annexure 5: Projected PET maps for the future periods 
 
 
 
Figure A5-1: Projected annual potential evapotranspiration in the Olifants River basin for 
mid-century under rcp 4.5 climate projections (The units are in mm). 
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Figure A5-2: Projected annual potential evapotranspiration in the Olifants River basin for 
end-century under rcp 4.5 climate projections (The units are in mm). 
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Figure A5-3: Projected annual potential evapotranspiration in the Olifants River basin for 
mid-century under rcp 8.5 climate projections (The units are in mm). 
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Figure A5-4: Projected annual potential evapotranspiration in the Olifants River basin for 
end-century under rcp 8.5 climate projections (The units are in mm). 
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Annexure 6: Projected water yield maps for the future periods 
 
 
 
 
Figure A6-1: Projected annual water yield in the Olifants River basin for mid-century 
under rcp 4.5 climate projections (The units are in mm). 
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Figure A6-2: Projected annual water yield in the Olifants River basin for end-century 
under rcp 4.5 climate projections (The units are in mm). 
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Figure A6-3: Projected annual water yield in the Olifants River basin for mid-century 
under rcp 8.5 climate projections (The units are in mm). 
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Figure A6-4: Projected annual water yield in the Olifants River basin for end-century 
under rcp 8.5 climate projections (The units are in mm).  
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Annexure 7: Projected Flow Duration Curves at Mamba for future periods 
 
 
 
 
Figure A7-1: Flow duration curve at B7H015 for mid-century under rcp 4.5 climate 
projections (The dotted line is representing the minimum flow required at this station to 
maintain environmental flow for KNP and the shaded area is showing minimum flow 
unavailability period). 
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Figure A7-2: Flow duration curve at B7H015 for mid-century under rcp 8.5 climate 
projections (The dotted line is representing the minimum flow required at this station to 
maintain environmental flow for KNP and the shaded area is showing minimum flow 
unavailability period). 
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Figure A7-3: Flow duration curve at B7H015 for end-century under rcp 4.5 climate 
projections (The dotted line is representing the minimum flow required at this station to 
maintain environmental flow for KNP and the shaded area is showing minimum flow 
unavailability period). 
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Figure A7-4: Flow duration curve at B7H015 for end-century under rcp 8.5 climate 
projections (The dotted line is representing the minimum flow required at this station to 
maintain environmental flow for KNP and the shaded area is showing minimum flow 
unavailability period). 
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Annexure 8: Trend analysis plots for projected temperatures 
Figure A8-1:  Monthly timeseries, linear regression analysis and annual Mann-Kendall 
statistics of daily minimum temperature for rcp 4.5 mid-century for the study area. 
Figure A8-2: Monthly timeseries, linear regression analysis and annual Mann-Kendall 
statistics of daily minimum temperature for rcp 4.5 end-century for the study area.  
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Figure A8-3:  Monthly timeseries, linear regression analysis and annual Mann-Kendall 
statistics of daily maximum temperature for rcp 4.5 mid-century for the study area.  
Figure A8-4:  Monthly timeseries, linear regression analysis and annual Mann-Kendall 
statistics of daily maximum temperature for rcp 4.5 end-century for the study area.  
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Annexure 9: Change in annual hydrological components from base period 
Table A9-1: Change in mean annual precipitation in future from base period (in mm)  
   rcp4.5 MC  rcp4.5 EC  rcp8.5 MC  rcp8.5 EC 
Sub Base  Model (%)  Model (%)  Model (%)  Model (%) 
1 690  502 -27  482 -30  561 -19  505 -27 
2 629  373 -41  376 -40  400 -37  333 -47 
3 626  454 -27  458 -27  488 -22  405 -35 
4 835  627 -25  599 -28  705 -16  600 -28 
5 538  304 -43  310 -42  339 -37  282 -48 
6 538  304 -43  310 -42  339 -37  282 -48 
7 417  290 -30  296 -29  322 -23  270 -35 
8 546  338 -38  343 -37  360 -34  301 -45 
9 480  327 -32  327 -32  339 -29  294 -39 
10 480  327 -32  327 -32  339 -29  294 -39 
11 472  336 -29  319 -32  361 -23  326 -31 
12 444  367 -17  358 -19  394 -11  350 -21 
13 953  486 -49  488 -49  530 -44  430 -55 
14 502  359 -28  340 -32  399 -20  343 -32 
15 580  395 -32  395 -32  411 -29  341 -41 
16 476  387 -19  362 -24  421 -12  379 -20 
17 476  387 -19  362 -24  421 -12  379 -20 
18 615  416 -32  422 -31  455 -26  361 -41 
19 496  374 -25  374 -25  386 -22  321 -35 
20 551  347 -37  324 -41  379 -31  344 -38 
21 497  405 -19  405 -19  409 -18  353 -29 
22 497  405 -19  405 -19  409 -18  353 -29 
23 476  387 -19  362 -24  421 -12  379 -20 
24 497  405 -19  405 -19  409 -18  353 -29 
25 564  502 -11  503 -11  539 -4  445 -21 
26 426  394 -8  394 -8  407 -4  346 -19 
27 525  613 17  574 9  639 22  574 9 
28 512  435 -15  435 -15  447 -13  386 -25 
29 535  436 -19  436 -19  455 -15  387 -28 
30 476  452 -5  413 -13  460 -3  419 -12 
31 519  407 -21  375 -28  418 -19  382 -26 
32 590  308 -48  302 -49  310 -48  289 -51 
33 426  394 -8  394 -8  407 -4  346 -19 
34 592  481 -19  487 -18  513 -13  447 -24 
35 371  338 -9  344 -7  364 -2  315 -15 
36 743  590 -21  595 -20  630 -15  528 -29 
37 356  318 -11  317 -11  314 -12  285 -20 
38 796  783 -2  762 -4  807 1  767 -4 
39 762  345 -55  323 -58  343 -55  333 -56 
40 439  331 -24  320 -27  332 -24  326 -26 
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   rcp4.5 MC  rcp4.5 EC  rcp8.5 MC  rcp8.5 EC 
Sub Base  Model (%)  Model (%)  Model (%)  Model (%) 
41 356  318 -11  317 -11  314 -12  285 -20 
42 356  318 -11  317 -11  314 -12  285 -20 
43 563  405 -28  381 -32  441 -22  395 -30 
44 491  514 5  523 7  546 11  476 -3 
45 713  543 -24  531 -26  564 -21  538 -25 
46 517  427 -17  438 -15  459 -11  396 -23 
47 484  392 -19  397 -18  397 -18  364 -25 
48 829  561 -32  575 -31  621 -25  487 -41 
49 499  411 -18  393 -21  413 -17  403 -19 
50 523  400 -24  378 -28  403 -23  393 -25 
51 962  822 -15  794 -17  848 -12  801 -17 
52 523  400 -24  378 -28  403 -23  393 -25 
53 639  543 -15  549 -14  597 -7  472 -26 
54 639  543 -15  549 -14  597 -7  472 -26 
55 722  556 -23  564 -22  606 -16  477 -34 
56 585  503 -14  495 -15  505 -14  466 -20 
57 850  646 -24  587 -31  655 -23  600 -29 
58 850  646 -24  587 -31  655 -23  600 -29 
59 585  503 -14  495 -15  505 -14  466 -20 
60 473  445 -6  419 -11  443 -6  430 -9 
61 496  437 -12  405 -18  439 -11  436 -12 
62 585  503 -14  495 -15  505 -14  466 -20 
63 685  855 25  779 14  865 26  786 15 
64 787  558 -29  558 -29  569 -28  549 -30 
65 613  513 -16  479 -22  518 -16  511 -17 
66 671  564 -16  561 -16  570 -15  525 -22 
67 664  560 -16  521 -21  561 -15  569 -14 
68 746  598 -20  576 -23  621 -17  600 -20 
69 735  559 -24  528 -28  588 -20  589 -20 
70 809  684 -16  682 -16  692 -15  667 -18 
71 706  554 -22  521 -26  560 -21  594 -16 
72 688  566 -18  539 -22  596 -13  601 -13 
73 711  577 -19  544 -23  582 -18  618 -13 
74 684  544 -20  509 -26  549 -20  583 -15 
75 706  554 -22  521 -26  560 -21  594 -16 
76 751  644 -14  597 -21  669 -11  649 -14 
77 710  569 -20  547 -23  607 -14  600 -15 
78 711  577 -19  544 -23  582 -18  618 -13 
79 658  589 -10  555 -16  593 -10  633 -4 
80 768  618 -20  601 -22  648 -16  671 -13 
81 787  613 -22  593 -25  647 -18  662 -16 
Sub-Subbasin number, Base-Base period, Model-Mean of the climate models,  
(%) – Precipitation change percentage, MC- Mid Century and EC- End Century 
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Table A9-2:  Change in mean annual PET in future relative to base period (in mm)  
   rcp4.5 MC  rcp4.5 EC  rcp8.5 MC  rcp8.5 EC 
Sub Base  Model (%)  Model (%)  Model (%)  Model (%) 
1 1723  1836 7  1903 10  1836 7  1911 11 
2 1786  2018 13  2018 13  1974 11  2117 19 
3 1791  1986 11  1987 11  1939 8  2074 16 
4 1686  1791 6  1870 11  1799 7  1879 11 
5 1945  2122 9  2122 9  2101 8  2237 15 
6 1887  2122 12  2122 12  2101 11  2238 19 
7 1954  2126 9  2126 9  2107 8  2244 15 
8 1912  2014 5  2014 5  1969 3  2110 10 
9 1971  2095 6  2095 6  2083 6  2228 13 
10 1988  2096 5  2096 5  2084 5  2228 12 
11 1996  2167 9  2167 9  2129 7  2278 14 
12 2008  2199 10  2237 11  2163 8  2269 13 
13 1753  1965 12  1965 12  1915 9  2083 19 
14 2005  2184 9  2212 10  2165 8  2265 13 
15 1880  1999 6  1999 6  1968 5  2133 13 
16 2011  2149 7  2149 7  2111 5  2233 11 
17 2014  2148 7  2148 7  2110 5  2231 11 
18 1859  1900 2  1900 2  1841 -1  1982 7 
19 1947  2012 3  2012 3  1979 2  2144 10 
20 1992  2156 8  2156 8  2119 6  2238 12 
21 1983  2096 6  2096 6  2073 5  2206 11 
22 1956  2098 7  2098 7  2075 6  2208 13 
23 1997  2151 8  2151 8  2112 6  2234 12 
24 1954  2095 7  2095 7  2072 6  2205 13 
25 1813  1889 4  1889 4  1825 1  1969 9 
26 1901  2007 6  2007 6  1964 3  2134 12 
27 1699  1799 6  1805 6  1744 3  1863 10 
28 1941  2086 7  2086 7  2060 6  2194 13 
29 1881  1997 6  1997 6  1954 4  2125 13 
30 1708  1822 7  1822 7  1764 3  1888 11 
31 1693  1830 8  1830 8  1781 5  1903 12 
32 1687  1815 8  1815 8  1787 6  1895 12 
33 1892  2004 6  2004 6  1961 4  2131 13 
34 1728  1778 3  1781 3  1738 1  1898 10 
35 1736  1787 3  1804 4  1755 1  1915 10 
36 1732  1881 9  1881 9  1816 5  1957 13 
37 1781  1860 4  1870 5  1840 3  2000 12 
38 1686  1712 2  1774 5  1715 2  1787 6 
39 1676  1803 8  1820 9  1782 6  1867 11 
40 1758  1874 7  1901 8  1869 6  2031 16 
41 1799  1860 3  1870 4  1840 2  2001 11 
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   rcp4.5 MC  rcp4.5 EC  rcp8.5 MC  rcp8.5 EC 
Sub Base  Model (%)  Model (%)  Model (%)  Model (%) 
42 1800  1861 3  1872 4  1841 2  2002 11 
43 1947  2141 10  2141 10  2101 8  2222 14 
44 1715  1768 3  1768 3  1723 0  1883 10 
45 1762  1736 -1  1801 2  1743 -1  1828 4 
46 1725  1772 3  1780 3  1730 0  1889 9 
47 1790  1845 3  1845 3  1795 0  1933 8 
48 1667  1747 5  1759 6  1718 3  1816 9 
49 1787  1867 4  1881 5  1853 4  2019 13 
50 1731  1867 8  1867 8  1809 4  1949 13 
51 1654  1686 2  1751 6  1686 2  1763 7 
52 1732  1868 8  1868 8  1809 4  1950 13 
53 1584  1746 10  1759 11  1710 8  1815 15 
54 1585  1748 10  1761 11  1712 8  1817 15 
55 1576  1722 9  1742 11  1689 7  1787 13 
56 1778  1752 -1  1752 -1  1704 -4  1832 3 
57 1503  1543 3  1580 5  1521 1  1631 9 
58 1470  1541 5  1578 7  1518 3  1628 11 
59 1680  1755 4  1755 4  1708 2  1836 9 
60 1714  1808 5  1860 8  1764 3  1897 11 
61 1720  1826 6  1863 8  1785 4  1915 11 
62 1680  1755 4  1755 4  1707 2  1836 9 
63 1472  1515 3  1551 5  1493 1  1584 8 
64 1570  1662 6  1662 6  1609 3  1744 11 
65 1630  1815 11  1849 13  1767 8  1898 16 
66 1577  1746 11  1746 11  1693 7  1826 16 
67 1633  1730 6  1783 9  1646 1  1769 8 
68 1492  1508 1  1548 4  1471 -1  1575 6 
69 1572  1695 8  1748 11  1618 3  1731 10 
70 1447  1656 14  1656 14  1600 11  1729 19 
71 1544  1593 3  1639 6  1593 3  1663 8 
72 1556  1698 9  1752 13  1624 4  1737 12 
73 1535  1586 3  1632 6  1586 3  1654 8 
74 1555  1600 3  1647 6  1600 3  1671 7 
75 1522  1592 5  1638 8  1592 5  1661 9 
76 1473  1513 3  1549 5  1494 1  1566 6 
77 1506  1583 5  1635 9  1554 3  1639 9 
78 1500  1585 6  1631 9  1585 6  1654 10 
79 1511  1584 5  1631 8  1584 5  1653 9 
80 1501  1517 1  1575 5  1560 4  1622 8 
81 1481  1547 5  1586 7  1560 5  1627 10 
Sub-Subbasin number, Base-Base period, Model-Mean of the climate models,  
(%) – PET change percentage, MC- Mid Century and EC- End Century 
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Table A9-3: Change in mean annual water yield in future relative to base period (in mm)  
   rcp4.5 MC  rcp4.5 EC  rcp8.5 MC  rcp8.5 EC 
Sub Base  Model (%)  Model (%)  Model Sub Base  Model 
1 86  47 -45  44 -49  54 -37  56 -35 
2 65  17 -73  19 -70  21 -68  14 -78 
3 65  31 -52  35 -46  38 -42  23 -65 
4 129  76 -41  74 -42  94 -27  82 -36 
5 42  12 -72  12 -70  14 -67  12 -72 
6 40  11 -73  12 -71  13 -68  11 -72 
7 15  7 -53  7 -53  8 -48  7 -52 
8 41  12 -72  13 -69  14 -65  10 -75 
9 18  7 -62  5 -72  7 -63  5 -71 
10 18  7 -62  5 -72  6 -64  5 -72 
11 26  9 -64  8 -68  11 -58  11 -59 
12 28  24 -14  21 -25  24 -14  22 -21 
13 182  39 -79  36 -80  43 -77  25 -86 
14 35  21 -39  19 -46  21 -39  20 -41 
15 30  10 -68  6 -79  11 -64  7 -78 
16 34  23 -30  23 -30  28 -18  23 -33 
17 33  23 -30  23 -30  27 -18  22 -33 
18 32  15 -53  13 -60  20 -39  10 -70 
19 27  15 -47  12 -57  15 -43  11 -61 
20 42  13 -69  13 -69  16 -61  15 -65 
21 25  15 -39  13 -49  17 -32  14 -43 
22 26  15 -40  13 -49  17 -33  14 -44 
23 33  23 -31  23 -31  27 -19  22 -33 
24 25  15 -40  13 -50  17 -33  14 -45 
25 31  29 -6.4  25 -18  40 29  19 -38 
26 15  16 2.8  12 -24  17 9  11 -30 
27 52  86 65  82 58  99 90  84 61 
28 27  20 -26  16 -39  22 -17  17 -36 
29 31  22 -30  17 -45  23 -26  13 -58 
30 60  62 3.2  54 -11  64 6  56 -7 
31 43  31 -27  26 -38  31 -27  28 -35 
32 50  10 -81  8 -84  10 -80  8 -84 
33 17  17 -0.2  13 -22  18 5  12 -31 
34 55  52 -6.3  46 -16  45 -19  31 -43 
35 12  16 34  12 4  13 13  10 -17 
36 151  99 -34  100 -34  124 -18  81 -47 
37 4  4 6.2  3 -16  4 -4  3 -16 
38 143  142 -0.1  147 3  153 7  153 7 
39 102  7 -93  7 -93  7 -93  7 -93 
40 8  2 -78  2 -77  2 -79  2 -77 
41 4  4 5.8  3 -16  3 -3  3 -16 
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   rcp4.5 MC  rcp4.5 EC  rcp8.5 MC  rcp8.5 EC 
Sub Base  Model (%)  Model (%)  Model Sub Base  Model 
42 2  2 19  2 -18  2 12  2 -18 
43 39  16 -60  16 -60  21 -46  16 -59 
44 21  39 82  37 72  36 69  22 6 
45 74  36 -51  36 -51  41 -45  41 -45 
46 25  24 -4.4  20 -21  20 -18  13 -48 
47 14  7 -48  7 -52  7 -48  5 -61 
48 155  75 -52  79 -49  97 -38  63 -59 
49 19  7 -64  7 -62  7 -64  7 -64 
50 27  7 -73  7 -74  7 -73  7 -76 
51 195  150 -23  151 -23  165 -15  158 -19 
52 27  7 -73  7 -74  7 -73  7 -75 
53 66  48 -28  48 -27  64 -3  41 -38 
54 80  60 -25  61 -24  78 -3  52 -35 
55 104  62 -41  65 -38  80 -23  50 -52 
56 30  25 -18  25 -17  21 -33  15 -51 
57 136  81 -40  71 -48  92 -33  79 -42 
58 152  88 -42  76 -50  99 -35  84 -45 
59 33  25 -23  26 -22  21 -37  15 -53 
60 13  11 -13  12 -9.1  12 -7  13 -4 
61 26  17 -34  17 -35  15 -42  14 -45 
62 33  26 -22  26 -21  22 -35  16 -53 
63 74  139 86  118 58  149 101  123 66 
64 75  43 -43  37 -51  38 -50  37 -51 
65 50  28 -44  28 -43  27 -45  26 -48 
66 49  39 -21  40 -20  34 -31  26 -47 
67 61  41 -33  43 -29  44 -28  50 -18 
68 81  58 -28  58 -29  63 -23  60 -27 
69 85  39 -54  41 -51  50 -41  48 -43 
70 88  77 -13  68 -23  72 -18  69 -21 
71 62  34 -45  32 -48  38 -39  40 -35 
72 74  42 -44  45 -39  55 -27  54 -28 
73 42  26 -39  26 -39  31 -25  31 -26 
74 63  39 -38  36 -43  43 -31  44 -30 
75 56  29 -48  28 -50  33 -42  36 -37 
76 53  44 -17  37 -31  45 -15  46 -13 
77 47  39 -17  25 -47  39 -17  35 -25 
78 44  27 -38  27 -38  33 -25  33 -24 
79 28  27 -1.8  27 -2.9  34 20  33 20 
80 56  32 -43  36 -35  48 -15  51 -9 
81 62  35 -43  38 -39  49 -21  50 -19 
Sub-Subbasin number, Base-Base period, Model-Mean of the climate models,  
(%) – Water yield change percentage, MC- Mid Century and EC- End Century 
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Annexure 10: Extracting climatic data from CHIRPS or CORDEX in R 
# Extracting data from CHIRPS or CORDEX stored in netcdf format 
# Load Required packages ------------------------------------------------- 
library(ncdf4) 
library(raster) 
# Loading CHIRPS or CORDEX netcdf File------------------------------------ 
file01<-'chirps-v2.0.1990.days_p25.nc' 
file02<-'chirps-v2.0.1991.days_p25.nc' 
# Reading netcdf files --------------------------------------------------- 
ncin01<-nc_open(file01) 
ncin02<-nc_open(file02) 
# parameter names of the netcdf files ------------------------------------ 
names(ncin01$var) 
# Build gridded dataset from netcdf --------------------------------------- 
pre01 <-brick(file01,varname="precip") 
pre02 <-brick(file02,varname="precip") 
# Load required station data with Name, Longitude and Latitude ------------ 
pcp_stations <- read.csv("req station.csv", header = T, row.names = "NAME", sep = ",") 
# Overlay stations on netcdf grid to check location accuracy -------------- 
points(pcp_stations,pch=16) 
# Extract data for the given stations ------------------------------------- 
pre.sites01 <- data.frame(extract(pre01, pcp_stations, ncol=2)) 
pre.sites02 <- data.frame(extract(pre02, pcp_stations, ncol=2)) 
# Match the column name of extracted data with given stations ------------- 
row.names(pre.sites01)<- row.names(pcp_stations) 
row.names(pre.sites02)<- row.names(pcp_stations) 
# Order the chronologically ----------------------------------------------- 
pre.sites1990<-t(pre.sites01) 
pre.sites1991<-t(pre.sites02) 
# Compile the dataset ----------------------------------------------------- 
pre.sites <- rbind(pre.sites1990,pre.sites1991) 
# Save the file in csv format --------------------------------------------- 
write.csv(pre.sites, file="Extracted_Precipitation_CHIRPS_1990_1991.csv") 
# End --------------------------------------------------------------------- 
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